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Zusammenfassung
Die Nutzung von Quanteneigenschaften für die Informationsverarbeitung, die so-
genannte Quanteninformationsverarbeitung (QIP), ist ein seit zwei Jahrzehnten zu-
nehmend populäres Forschungsfeld. Es hat sich gezeigt, dass Einzelphotonen die
am besten geeigneten Träger für den Transport von Quanteninformation über weite
Strecken sind, etwa um verschiedene Verarbeitungseinheiten in der QIP zu verbin-
den. Obwohl viele Methoden zur Erzeugung von Einzelphotonen existieren, wur-
de bisher nur wenig Forschungsarbeit an schmalbandigen Einzelphotonen, d.h. mit
spektralen Breiten im MHz-Bereich geleistet. Allerdings sind solche Einzelphoto-
nen besonders wichtig, wenn Kopplungen zwischen Einzelphotonen und atomaren
Systemen, die oft als Verarbeitungseinheiten in der QIP genutzt werden, realisiert
werden sollen. Diese Doktorarbeit befasst sich mit mehreren Forschungsaspekten zu
schmalbandigen Einzelphotonen, die alle von Bedeutung sind, wenn solche Photo-
nen als Informationsträger genutzt werden sollen. Zunächst wird eine Quelle von
schmalbandigen Einzelphotonen vorgestellt. Diese Quelle basiert auf dem Konzept
der parametrischen Fluoreszenz innerhalb eines optischen Resonators. Sie emittiert
einen konstanten Strom von Photonenpaaren. Eines der beiden Photonen aus dem
Paar kann detektiert werden, wodurch die Existenz des zweiten bestimmt ist. Ei-
ne statistische Beschreibung dieser Photonenpaare wird vorgestellt und erstmals
direkt gemessen. Eine starke nichtklassische Korrelation der beiden Photonen in je-
dem Paar kann gezeigt und der Einzelphotonencharakter nachgewiesen werden. Um
Emission in nur eine einzelne Mode zu erreichen, wurde der Photonenstrom mit
Hilfe eines speziell entwickelten Mehrpass-Fabry-Pérot-Etalons gefiltert. Dieser Fil-
ter hat einen Durchlassbereich von nur 165 MHz Breite und 65% Transmission und
eine Unterdrückung von 46 dB für nicht resonante Moden. Er kann vielfältig ge-
nutzt werden, beispielsweise um Quanteninformation tragende Photonen aus einem
Rauschhintergrund zu extrahieren. Eine potentielle Anwendung in weltraumbasier-
ten langreichweitigen Quantenkryptographieexperimenten wird vorgestellt. Photon-
Atom-Wechselwirkungen werden im zweiten Teil der Arbeit gezeigt. Der Effekt der
elektromagnetisch induzierten Transparenz (EIT) wird vorgestellt und experimentell
demonstriert. Die ersten EIT Experimente in Cäsiumgaszellen bei Raumtemperatur
mit Probepulsen, die nur ein einzelnes Photon enthalten, werden gezeigt. Außerdem
wird Amplitudenmodulation eines einzelnen Photons demonstriert. Schließlich zeigt
ein umfassender Ausblick wie die entwickelten experimentellen Bausteine erweitert
werden können, um Einzelphotonenspeicherung zu erlauben und die Technologie für
Quantenrepeater zu demonstrieren.
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Abstract
The use of quantum mechanical properties for information processing, the so-
called quantum information processing (QIP) has become an increasingly popular
research field in the last two decades. It turned out that single photons are the most
reliable long distance carriers of quantum information, e.g., tools to connect different
processing nodes in QIP. While several methods exist to produce single photons,
only little research has been performed so far on narrow-band single photons with
spectral bandwidths in the MHz regime. Such photons are, however, of particular
importance when coupling of single photons to atomic systems, which are often used
in QIP as processing nodes, shall be realized. This thesis covers several research
aspects on narrow-band single photons, all of which are important if such photons
should be used as quantum information carriers. At first, a source for narrow-band
single photons is introduced. This source is based on the concept of parametric
down-conversion inside an optical resonator. It emits a constant stream of photon
pairs. One of the two photons from the pair can be detected heralding the presence
of the other photon. A statistical description of these photon pairs is introduced
and for the first time also directly measured. A strong non-classical correlation
of the two photons in each pair is shown and single-photon character is proven.
In order to reach single-mode single-photon emission, the stream of photons was
filtered with a specifically developed multi-pass Fabry-Pérot etalon. This filter has
a passband FWHM of only 165 MHz and 65% transmission and a suppression of off-
resonant light by 46 dB. It can be widely used, e.g., to extract quantum information
carrying photons out of a background of noise photons. A potential use in the
field of space-based long range quantum cryptography experiments is motivated.
Photon-atom interactions are shown in the second part of the thesis. The effect of
electromagnetically induced transparency (EIT) is introduced and experimentally
demonstrated. The first EIT experiments in cesium gas cells at room temperature
with a probe pulse containing only a single photon are described. Also, single-
photon pulses are amplitude-modulated. Finally, a comprehensive outlook shows
how the developed experimental building blocks can be extended in order to show
single photon storage and demonstrate quantum repeater technology.
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1. Introduction
In 1965, less than 20 years after the invention of the transistor, G.E. Moore formulated
what later became the famous Moore’s law [1]. Originally, he found that for minimum
component costs the complexity of an integrated circuit doubles approximately every
year. Today’s definition states, the number of transistors in an integrated circuit doubles
about every 18 months. Although the ’law’ prevailed and is basically effectual since 50
years, it is clear that it cannot be valid forever. At present, it is expected to persist for
only another 10 to 15 years. Even though the predictions of an early end of Moore’s law
are almost as old as the law itself, at some point there will be more than engineering
problems preventing further development, namely when fundamental physical limitations
will be reached, e.g., when structure sizes approach the size of individual atoms. Hence,
in order to make further growth of computational power possible one has to search for
completely new ways of performing information processing.
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Figure 1.1.: Simplified overview of the field of quantum information processing (QIP).
Today, research is mostly focused on the fundamental building blocks in
the lower rows, however, first small applications of quantum logic have been
demonstrated already and some are even on their way into commercial prod-
ucts. In addition, several groups worldwide aim at building a quantum
repeater, which would strongly expand the possibilities of quantum infor-
mation transfer. The work in this thesis is related to the colored areas.
The development of so-called quantum information processing (QIP) started in the
1980s, when fundamental concepts of quantum mechanics were applied to information
theory [2]. QIP was found to enable the efficient implementation of algorithms, which
1
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show exponential scaling if implemented using today’s classical techniques, like searching
unordered databases [3] or factoring [4]. This might eventually pave the way to overcome
physical limits of classical computation technology, because QIP promises to solve com-
plex problems that are not efficiently solvable by any classical computing system, due
to exponentially increasing demand of computing power with the degree of complex-
ity. Such problems arise across a broad spectrum of application categories, including
quantum simulation, bioinformatics, artificial intelligence, cryptanalysis, routing, and
logistics. Although QIP is in general still very far from solving real-life problems, it is
today a rather versatile research field, as shown in figure 1.1.
Unlike classical information processing QIP is no longer based on bits as basic infor-
mation unit, but on so-called quantum bits or qubits, which are arbitrary states of a two-
dimensional Hilbert space spanned by two basis states. For example, a two-level atom can
represent a qubit. Several concepts exist to represent qubits technologically. One usually
distinguishes qubits for transmission of quantum information, so-called flying qubits, and
processing nodes consisting of stationary qubits. While the race for the best technology
option for stationary qubits is still open ranging from single atoms [5, 6] or ions [7–9],
quantum dots [10, 11], defect centers in diamond [12] to Josephson qubits [13, 14], single
photons, due to their weak coupling to the environment, are generally regarded as the
most reliable long distance quantum information carrier, i.e., flying qubit.
One long-term goal in QIP is to interconnect many stationary qubits by flying qubits
to a scalable and efficient quantum network [15–18]. Although this is still far from
realization, flying qubits alone have made it into commercial products already: In 1984
Bennett and Brassard proposed a protocol for secret key distribution [19] that uses the
single-particle character of a photon to avoid any possibility of eavesdropping on an
encoded message (for a review see [20]). This so-called quantum key distribution (QKD)
is today a large research field, and QKD based products for computer network encryption
are commercially available.
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Figure 1.2.: Photon number distributions of (a) thermal light, (b) a coherent state as
emitted by a laser well above threshold, and (c) a single-photon source, each
with a mean photon number n¯ = 0.5. The red bars show unwanted higher
number photon states.
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Working with single photons in QIP generally requires the reliable deterministic gen-
eration of single- or few-photon states. However, due to their bosonic character photons
tend to appear in bunches. Thus, the photon number distribution of classical light
sources, i.e., thermal or laser light, is far from being ideal for QIP and in particular for
QKD applications, as shown in figures 1.2(a) and (b). In QKD this characteristic in
principle restrains the use of such sources, since an eavesdropper may gain partial in-
formation by a photon number splitting attack [21]. Adequate security can be achieved
only if extremely weak light pulses containing on average just µ < 1 photons are used.
It can be shown [22], that for unconditional security of a QKD implementation using
attenuated laser pulses, µ ∼ t is required, where t is the transmittivity of the quantum
channel, hence, the larger the losses, the more attenuated must the laser be. Accordingly,
in practical implementations µ  1 is necessary. Alternatively, a more complicated
protocol named decoy state protocol [23] can be introduced, which selectively modu-
lates the pulse intensity. Similar obstacles occur for linear optics quantum computation
(LOQC) [24], where photonic quantum gates [25], quantum repeaters [26], and quantum
teleportation [27] require the preparation of single- or few-photon states on demand in
order to obtain reliability and high efficiency. An ideal single-photon source for all of
these applications would emit a sub-Poissonian photon number distribution with exactly
one photon at a time. While due to inevitable scattering and absorption losses such a
source is not possible, a typical photon number distribution of a real single-photon source
is shown in figure 1.2(c) [28].
(a) (b)
click
Figure 1.3.: Illustration of two relevant processes for single-photon generation: (a) spon-
taneous decay of a single isolated two-level system, (b) heralded single-
photon generation by spontaneous parametric down-conversion inside a non-
linear medium.
Several promising experimental realizations of single-photon sources exist. Most of
them rely on the isolated operation of a single two-level system that delays consecu-
tive photon emission events by the finite time interval of a re-excitation process [29], as
shown in figure 1.3(a). Possible are single atoms [5] or ions, which can be trapped and
coupled to optical resonators to obtain single-mode emission [30, 31] and to increase the
collection efficiency. Single molecules and nanocrystals [32–34] can also be used, how-
ever, a drawback is their susceptibility to photobleaching and blinking [35, 36]. Stable
alternatives are nitrogen-vacancy defect centers in diamond [37, 38] and to some extend
quantum dots [10]. A disadvantage of all these systems is the experimentalist’s weak
3
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control of the properties of the generated photons, i.e., wavelength or spectral band-
width. Usually, these properties are largely determined by the intrinsic properties of the
particular system used.
These limitations can be overcome by using a photon source based on the process of
spontaneous parametric down-conversion (SPDC). Here, a pair of photons, referred to as
signal and idler photon, is generated from a pump photon of shorter wavelength [39–41],
as shown in figure 1.3(b). Signal and idler photons are generated simultaneously [42] and
can be correlated in multiple degrees of freedom, like polarization, phase or frequency,
which allows to generate entangled photon pairs [43]. By detecting the heralding idler
photon the existence of the signal photon in the second channel is announced, which
allows to use a SPDC source to approximate a single-photon source. Such a process
can take place in a medium with nonzero second-order susceptibility. The properties of
the generated photons are determined by energy conservation and phase matching and
therefore can be controlled to a large extent. Due to improved fabrication techniques for
nonlinear crystals SPDC has become a standard tool of quantum optics. In chapter 2
the concepts of single-photon statistics will be presented together with details about
single-photon sources and measurements of photon statistics.
(a)
-10 -5 0 5 10
MHz
-1.0 -0.5 0.0 0.5 1.0
GHz
-100 -50 0 50 100
GHz
-0.2 -0.1 0.0 0.1 0.2
nm
(b) (c)
x100 x100
Figure 1.4.: Overview of the spectral bandwidth of several processes relevant for this
work. It ranges from a bandwidth of a few 0.1 nm down to the regime of
10−5 nm, the x-scale is enlarged 100 times from (a) to (b) to (c), respectively.
(a) shows the envelope that encloses the full spectral bandwidth of all modes
produced by the down-conversion process (red) and the cavity-shaped single
photons (black); (b) shows the filter bandwidth (orange) and the Doppler-
broadened linewidth of the atomic system (blue); (c) displays a zoom-in into
the spectral bandwidth of a single photon (black) and the natural linewidth
of the atomic system (dotted blue). More details of the presented systems
will be described later in the chapters 3, 4 and 5.
This thesis focuses on single photons of very narrow spectral bandwidth because of
their considerable advantages if used as flying qubits. They can couple to atomic tran-
sitions, e.g., in a quantum interface between stationary and flying qubits. Furthermore,
spectral filtering allows to extract such photons out of a background of noise photons,
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e.g., in situations like free-space quantum communication [44–47]. In order to illustrate
what is meant by very narrow spectral bandwidth, Figure 1.4 shows an overview of spec-
tral bandwidths of different systems studied in this work, ranging down to the regime of
10−5 nm. From the available single-photon sources intrinsically only the single atom [30]
or ion [48] based sources or such using a Λ-shaped atomic system in a magneto-optical
trap [49] (MOT) are able to produce very narrow-band photons. However, such sources
require single-atom/-ion traps or a MOT making them complex and not very reliable.
A promising alternative is a cavity-enhanced SPDC source, which allows to determine
the parameters of the generated photons through the cavity. Down-conversion coherence
times are usually ∼ 100 fs, hence the generated photons have THz spectral bandwidth.
However, by placing the medium in which down-conversion takes place inside an optical
resonator, the generated photons’ spectral bandwidth can be reduced by several orders of
magnitude. This resonator configuration is usually termed optical parametric oscillator
(OPO), and such a source is described in part I of this thesis. Additional spectral filtering
of the OPO generated photons allows single-mode operation. OPOs far below threshold
have been demonstrated by several research groups [50–53], the OPO used in this work
was recently built in our lab [54–57]. The analysis of single-photon statistics of the OPO
photons is demonstrated in chapter 3. An appropriate spectral filtering system based on
a multi-pass Fabry-Pérot etalon is presented in chapter 4. Due to a sophisticated filter
design, active stabilization and by pushing optical properties like surface flatness to the
technological limit, the spectral filter has a peak transmission of 65% and a suppression
of off-resonant light by 46 dB even though the transmitted and the filtered wavelengths
have a frequency difference of < 0.003% with respect to their absolute wavelength. This
filter is used in the preparation of single-mode photons right behind the source, as well as
in extracting particular single-photons from a high intensity background. As also shown
in chapter 4, other applications of the filtering technology are promising in fields where
quantum information carrying photons need to be extracted from a noisy background,
namely in long range free-space quantum key distribution.
In addition to single-photon sources, quantum interfaces between atomic and pho-
tonic systems are an important field of QIP research. Such an interface that allows to
utilize the joint advantages of the two connected physical systems is also a prerequisite
for most quantum repeater protocols [26]. Implementing a quantum repeater protocol
could enable the distribution of quantum states over long distances, which is today
strongly limited by photon loss, e.g., in optical fibers. Due to the no-cloning theo-
rem [58, 59] straightforward amplification as in classical telecommunication is not an
option in quantum communication. This could be overcome by creating long-distance
entanglement [60] from shorter-distance entanglement via entanglement swapping. Such
protocols require the capacity to create entanglement in a heralded fashion, to store it
and to swap it [61], which is in principle possible by using atomic ensembles as quantum
memories in combination with linear optical techniques and photon counting [62].
The transfer of photonic states onto atoms can be realized by the coherent process
of electromagnetically induced transparency (EIT) [63, 64], as described in part II of
this thesis. This part starts with the realization of EIT in cesium, shown in chapter 5.
Beyond slow group velocities of light pulses using static EIT, light can be brought to a
5
1. Introduction
complete halt, a technique called dynamic EIT, which can theoretically be explained by
the concept of dark-state polaritons as introduced by Fleischhauer and Lukin [65, 66].
Dynamic EIT can be extended to non-classical states [67], and single-photon statistics
is preserved during storage [68]. In 2005, single photons have been stored in atomic
ensembles for the first time [69, 70]. However, in existing single photon EIT experi-
ments single-photon sources, being based on an atomic system themselves, were used to
avoid bandwidth conflicts. The application of a completely different photon source, e.g.,
based on cavity-enhanced SPDC, would be a purely optical approach and allows the
combination of different physical systems capable of QIP. This represents a major step
towards the development of larger qubit systems and is therefore strongly aspired. As
an important step towards this goal the first single-photon EIT experiments in cesium
are presented in chapter 6. While single-photon EIT in rubidium atoms has been shown
already [71, 72], cesium offers certain advantages, e.g., the F = 3 → F = 4 hyperfine
ground state clock transition, allowing the realization of all optical atomic clocks [73].
Moreover, the used 133Cs D1-line at 894nm lies well within the wavelength regime of
exciton emission from InAs quantum dots [74], which is relevant for possible coherent in-
terfaces between atomic and solid-state systems [75] in the future. Recently, Reim et al.
[76] demonstrated coherent storage and retrieval of sub-nanosecond low-intensity (sev-
eral thousand photons) light pulses with spectral bandwidths exceeding 1GHz utilizing
a far off-resonant two-photon Raman transition. In this experiment cesium provided
the advantage of smaller Doppler linewidth, i.e., ∼ 380 MHz in 133Cs compared to
∼ 540 MHz in 87Rb at room temperature and larger hyperfine splitting of 9.2 GHz and
6.8 GHz, respectively. The latter sets a limit to the maximum storage bandwidth. In
spite of the potential advantages there have been no experiments on the single photon
level with cesium ensembles, for the most part because of the problem to filter the strong
coupling beam. This problem could be overcome by the multi-pass Fabry-Pérot etalon
presented in chapter 4.
In this thesis several important building blocks for an aspired full experimental setup
for single photon storage are studied. A schematic of the setup is shown in figure 1.5
together with its association with the field of QIP. The setup can be regarded as quantum
memory which will be mandatory for quantum network synchronization as well as for
information processing purposes [77–79]; several groups in the world work on these kinds
of experiments [80]. From now on, the term single photon storage experiment will be
used to name the envisioned fully developed experiment.
While the whole single photon storage experiment is a work in progress, very important
milestones have now been reached already and are described in this thesis. These include
the first single-photon EIT measurements in cesium in gas cells at room temperature as
well as a comprehensive study of the properties of the heralded single photons produced
by the OPO. In addition, much know-how was developed and important building blocks
of the experimental setup were fully completed, including a phase-locked laser system
and the outstanding spectral filtering. Chapter 8 presents an outlook on the next devel-
opment steps and new ideas to solve the remaining problems that prevent single photon
storage at the moment, namely anti-Stokes noise and limited precision of the central
wavelength of the OPO photons. The most important step will be the implementation
6
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Figure 1.5.: Overview of the experiments described in this thesis together with their
relation (colored) to QIP. The master laser is frequency-locked using a spec-
troscopy setup. Its light is frequency doubled using second harmonic gen-
eration (SHG) and pumps the OPO. Subsequently, the OPO photons are
filtered by the multi-pass etalon (FP) and then used in an EIT setup. Be-
hind the EIT setup another filter suppresses the coupling beam in order to
allow the detection of single photons. Details of the specific building blocks
will be presented in subsequent chapters.
of a Raman type memory [76] instead of the EIT based memory. As the overall concept
is already widely developed, the realization of the remaining parts and increments of the
single photon storage experiment can be envisioned for the near future.
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List of experimental configurations
Within the sections of this thesis the following experimental configurations will be dis-
cussed in order to study different aspects of the single photon storage experiment. All
configurations represent parts of the full experimental setup shown in figure 1.5, in the
indicated section the yellow parts of the respective figure are presented in detail. The
greyed parts are not used in the particular configuration.
Section 3.2
Coupling laser
Master laser
Spectroscopy
SHG OPO
FP
EIT
FP Detection
Detection
Experimental setup for down-conversion in a double resonant OPO.
Section 3.2.1
Coupling laser
Master laser
Spectroscopy
SHG OPO
FP
EIT
FP Detection
Detection
Experimental setup for frequency stabilization of the master laser.
Section 3.4
Coupling laser
Master laser
Spectroscopy
SHG OPO
FP
EIT
FP Detection
Detection
Experimental setup for the direct measurement of combined signal- and idler-photon
statistics.
Section 4.1.1
Coupling laser
Master laser
Spectroscopy
SHG OPO
FP
EIT
FP Detection
Detection
Experimental setup used to verify the multi-pass etalon performance.
Section 4.2
Coupling laser
Master laser
Spectroscopy
SHG OPO
FP
EIT
FP Detection
Detection
Experimental setup for single-mode operation of the OPO.
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Coupling laser
Master laser
Spectroscopy
SHG OPO
FP
Cs
Detection
Detection
Experimental setup for Doppler-free saturation absorption spectroscopy.
Section 5.3
Coupling laser
Master laser
Spectroscopy
SHG OPO
FP
EIT
FP Detection
Detection
Experimental setup used to lock the coupling laser to the master laser.
Section 5.4
Coupling laser
Master laser
Spectroscopy
SHG OPO
FP
EIT
FP Detection
Detection
Experimental setup for first EIT measurements.
Section 6.1
Coupling laser
Master laser
Spectroscopy
SHG OPO
FP
EIT
FP Detection
Detection
Experimental setup for EIT experiments with a probe beam on the single photon
level.
Section 6.2
Coupling laser
Master laser
Spectroscopy
SHG OPO
FP
EIT
FP Detection
Detection
EOM
Experimental setup for EIT experiments with probe laser pulses containing only a sin-
gle photon.
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2. Single-Photon Sources and their
Characteristics
The introductory chapter gave a broad overview of the field of QIP, some of its experi-
mental challenges and the outline of a single photon storage experiment.
This chapter provides the basis for a more detailed understanding of single photons
and their applicability in the field of QIP. An introduction into single-photon statistics
as well as single-photon generation and detection will be given (2.1). Additionally, new
results are shown, namely the first measurement of single-photon statistics using only a
single detector (2.2).
2.1. Single-photon statistics
As pointed out in chapter 1, single photons are crucial for QIP as carriers of quantum
information, especially if quantum information needs to be transported between distant
nodes of a quantum network via flying qubits. In order to characterize the quantum
nature of a particular stream of single photons, their statistics can be analyzed. This in
turn allows to categorize single-photon sources with regard to their quality and appro-
priateness for a specific task.
2.1.1. Correlation functions
In order to gain insight into the photon statistics of a particular source, the emitted
field’s correlation function has to be regarded. Most important are the first- and second-
order correlation functions, which compute coincidences between field amplitudes and
intensities, respectively. While the first-order correlation function typically appears in
interference experiments, it is not a proper figure of merit to distinguish between the
classical or the quantum nature of a light source, an objective that has been the subject
of a famous experiment by Taylor already in 1909 [81]. This arises from the fact that
there may be no differences between the classical and the quantum predictions in the
first-order correlations if the spectral properties of the fields are identical. However, the
second-order correlation function is an adequate description. It describes how a certain
mode of the electric field is correlated with itself, why it is often termed auto-correlation
function. After normalization it takes the form [82]
g(2)(t, t′) = 〈a
†(t)a†(t′)a(t)a(t′)〉
〈a†(t)a(t)〉〈a†(t′)a(t′)〉 =
〈: I(t)I(t′) :〉
〈I(t)〉〈I(t′)〉 , (2.1)
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where a† and a are the creation and annihilation operators of an excitation (photon)
in a single mode of the field. In the definition :: denotes normal ordering, meaning
all destruction operators are on the right and all creation operators on the left. I(t) ∼
a†(t)a(t) is the time-dependent intensity operator of mode a. The g(2) function describes
the degree of correlation between photons emitted at different times t and t′ as a function
of the temporal separation τ = t′ − t and can be easily calculated from time-resolved
photon counting events. In the special case of a stationary single-mode field the equation
simplifies to
g(2)(τ) = 〈: I(τ)I(0) :〉〈I(0)〉2 . (2.2)
Plotting g(2)(τ) immediately reveals the characteristic of a particular source, as shown
exemplarily in figure 2.1.
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Figure 2.1.: Illustration of photon counting events (top) and corresponding second-order
correlation functions g(2)(τ) (bottom). (a) for a classical chaotic state (e.g.
light bulb), (b) in case of coherent light (laser), (c) for a single-photon source
(such as sketched in figure 1.3).
Figure 2.1 shows exemplary g(2)(τ) functions for different states of light produced
by different light sources. Classically chaotic states or thermal states, e.g., emitted
from a light bulb, show an enhancement in the second-order correlation function near
τ = 0. The Cauchy-Schwartz inequality demands g(2)(τ) ≤ g(2)(0) for all τ . Since
classical probability distributions of the electric field are positive definite, it can also be
shown that g(2)(0) > 1, thus g(2)(τ) ≥ 1, the source shows bunching behavior. Laser
light well above threshold exhibiting Poissonian photon statistics has a flat correlation
function g(2)(τ) = 1 for all τ . A single-mode quantum field with photon number variance
V (n) = 〈(a†a)2〉 − 〈a†a〉2 and mean photon number n¯ is described by
g(2)(0) = 1 + V (n)− n¯
n¯2
. (2.3)
For a Fock state, which is an eigenstate of the photon number operator nˆ = a†a, g(2)(0) =
1− 1/n follows. Accordingly, a natural criterion for a single-photon source is to show an
antibunching dip of g(2)(0) < 1/2 [83].
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While the calculation of g(2)(τ) only requires a stream of time-resolved photon counting
events, this data is not always easy to measure due to the limited temporal resolution
of single-photon detectors. In particular, the widely used single-photon avalanche photo
diodes (APDs) have significant dead times of up to tDT = 50 ns after detecting a
photon. This is due to their operation in Geiger mode, where a very high reverse voltage
above the APD’s breakdown voltage is used in order to reach a gain of > 105 through
avalanche multiplication. Due to the high voltage, the APD needs to have its signal
current actively limited, and the dead time occurs while the reverse voltage is built up
again after a photon was detected. To measure correlations for τ < tDT a so-called
Hanbury Brown and Twiss (HBT) setup [84] is generally utilized. Two APD modules
detect the light behind the output ports of a 50:50 beam splitter, as shown in figure 2.2
(a). The detection of a photon at APD 1 starts a coincidence counter, which keeps
running until APD 2 receives a click. An electronic delay can be used to shift the time
origin in order to enable the observation of asymmetric cross-correlation functions. The
measured time intervals are then stored and binned in a histogram, as shown exemplarily
in figure 2.2 (b).
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Figure 2.2.: (a) Hanbury Brown and Twiss setup, including a 50 : 50 beam splitter (BS)
and start- and stop-APDs (APD1, APD2). (b) Photon count coincidences
are binned in a histogram.
An ideal single-photon source will never emit two photons per time interval. Therefore,
the probability of a start and a stop detector click with zero time interval in between ap-
proaches zero, as shown in figure 2.2 (b). Relating to the time constant of the underlying
physical process the probability of detecting a second (stop) photon approaches 1 for
long times after detecting the first (start) photon. Even though the experimental HBT
measurement differs from the original second-order correlation function g(2)(τ), it can
be generally regarded as a good approximation. A detailed analysis of the relationship
between the theoretical g(2) function and the experimentally observed function can be
found in reference [85].
2.1.2. A single-photon source based on diamond
Among the various options for single-photon sources – several of them have been men-
tioned in chapter 1 – the sources based on nitrogen-vacancy (NV) centers in diamonds
15
2. Single-Photon Sources and their Characteristics
are promising [37, 38], in particular, because the experimental setup required to use
an NV center as single-photon source is simple and reliable and because the NV center
represents a photostable emitter in the visible wavelength range operating even at room
temperature. An NV center is a point defect in the diamond lattice, where a nitrogen
atom replaces two neighboring carbon atoms, as shown in figure 2.3 (a). Although the
NV defect center can be located in a bulk diamond, it behaves like an isolated single
atom. This intrinsically leads to the emission of single photons, as any photon emis-
sion needs a preceding excitation and is determined by the radiative lifetime. The only
requirement for single-photon emission is an efficient isolation of a single NV center in
the bulk, e.g., by spatial filtering or by using very small (nano) diamonds which con-
tain a single NV center only. NV centers in diamond can occur in two different charge
configurations, either neutral (NV0) or negatively charged (NV−), the latter will be
studied here. The electronic structure of the NV− center is reasonably understood [86].
A simplified common model of the energy level schema is shown in figure 2.3 (b)
3A
3E
1A
γ
12
γ
21
γ
31
γ
32
γ
23
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V C
Figure 2.3.: (a) Schematic representation of the atomic structure of the NV defect cen-
ter, comprising one missing carbon atom (C), i.e., the vacancy (V) and an
adjacent substitutional nitrogen atom (N). (b) Energy level schema of the
NV− center. 3A and 3E are the triplet ground and excited state, respec-
tively, and 1A is a metastable singlet state. The grey shaded areas represent
the vibronic level structure of the states 3A and 3E.
The NV− center has a triplet ground and excited state, 3A and 3E, respectively, the
particular energetic splitting of the sublevels is caused by spin-spin interactions [87] and,
in case of the excited state 3E, also by spin-orbit coupling [88]. The metastable singlet
state 1A in between 3A and 3E is strongly suggested by experimental evidence. The
transition 3A↔3E is associated with a zero phonon absorption/emission line at 637 nm,
into which at room temperature around 5% of the light is emitted [89]. The rest goes into
phonon sidebands resulting from transitions into higher vibronic levels of the ground and
excited state. In bulk diamond the radiative lifetime of the excited state 3E is found to be
≈ 12 ns. A drawback of the NV− center is, that the frequency of the optical absorption
line slightly varies from center to center and that only a small amount of light is emitted
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in the Fourier-limited zero phonon line. Today, even commercial products employing
NV− centers as single-photon source are available.
Based on the discussion in section 2.1, it is illustrative to study the single-photon
statistics of photons emitted by a single NV− center. As pointed out, g(2)(τ) is the
relevant parameter to study. It can be analytically obtained from the rate equations,
which describe the transitions in the NV− center. These are
∂%1(t)
∂t
= −γ12%1(t) + γ21%2(t) + γ31%3(t)
∂%2(t)
∂t
= γ12%1(t)− (γ21 + γ23)%2(t) + γ32%3(t)
∂%3(t)
∂t
= γ23%2(t)− (γ31 + γ32)%3(t) . (2.4)
%1, %2, %3 are the populations of the energy levels 3A, 3E, 1A, respectively. γij are the
corresponding transition rates between these levels, as shown in figure 2.3 (b). With the
initial conditions %1 = 1, %2 = 0, %3 = 0 the population of the 3E excited state %2 can
be obtained. It is directly proportional to the photon emission probability, hence, the
second-order auto-correlation function was found to be [90]
g(2)(τ) = %2(τ)
%2(τ →∞) = 1 + Ce
−Γ2τ − (C + 1)e−Γ3τ , (2.5)
with the coefficient and decay times defined as
C = Γ3(γ31 + γ32 − Γ2)(γ31 + γ32)(Γ2 − Γ3)
Γ2,3 =
1
2
(
A±
√
A2 − 4B
)
(2.6)
and
A = γ12 + γ21 + γ23 + γ31 + γ32
B = γ12(γ23 + γ31 + γ32) + γ21(γ31 + γ32) + γ23γ31 . (2.7)
Based on equation 2.5 experimental data can be directly fitted, as will be shown below.
2.2. Single detector antibunching measurements
Compared to other single-photon sources, e.g., quantum dots, the radiative lifetime
of an NV− center of the order of nsec is quite long. In order to study the single-
photon statistics and proof antibunching, a moderate time resolution in the nsec-range
is sufficient. This should open up the possibility to measure antibunching with a single
detector only, i.e., without a HBT setup, given that a detector with a small dead time
tDT compared to the width of the antibunching dip in the g(2)(τ) function is available.
Such a measurement was performed using a superconducting single-photon detector
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(SSPD) [91, 92]. SSPDs can be manufactured using NbN meander wire of ∼ 5nm
thickness on a sapphire substrate, as shown in figure 2.4 (a). The detector is kept at a
temperature far below the superconducting transition Tc and is biased with a current I
close to the wire’s critical current Ic. The detector relies on the principle that a photon
is absorbed by a Cooper pair resulting in local suppression of superconductivity and
formation of a hotspot, as shown in figure 2.4 (b). The hotspot rises and a resistive
(a) (b)
hv
2λ
(1) (2)
(3) (4)
Figure 2.4.: (a) SEM image of a superconducting single-photon detector SSPD [93]. (b)
Operation principle of an SSPD: A photon is absorbed by a Cooper pair
(1) resulting in local suppression of superconductivity and formation of a
hotspot (2). This rises (3) and a resistive barrier is established across the
entire width of the wire (4) which causes a voltage signal that can be de-
tected [92].
barrier is established across the entire width of the wire. This causes a voltage signal
with an amplitude proportional to I that can be detected [92]. The SSPD offers a
very low dark count rate ( 1 Hz) and small timing jitter of approximately 20 ps, its
tDT ≈ 5 ns. The experimental setup to perform antibunching measurements with a
single SSPD is shown in figure 2.5.
The 514 nm line of an argon ion laser was used to excite an NV− center in a nanodia-
mond through an oil immersion objective (NA 1.4), which also collects the emitted light.
Spectral filters block the excitation light, a telescope and a pinhole establish a confocal
configuration to reduce background light. More details on the setup for single-photon
generation using an NV− center can be found in reference [94]. The emitted single pho-
tons were coupled into a single-mode optical fiber and detected either using two APDs in
HBT configuration or by an SSPD. The SSPD itself was directly coupled to the fiber and
kept in liquid helium. When the SSPD was used, data recording was performed with a
1 GHz digital storage oscilloscope. The oscilloscope was programmed to sample a stream
of measurements for 250 ns starting from the first trigger, i.e., the first detector pulse. If
a second trigger occurred during the 250 ns, the data was stored on a hard disk. 30.000
of these data files were produced during several hours of measurements. The data files
were analyzed in order to extract the peak distances, and from these values a histogram
was produced. This is shown as blue curve in figure 2.6.
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Figure 2.5.: Experimental setup for antibunching measurements on a single NV− center
in a nanodiamond. The nanodiamond can be moved above the objective
using an xy-stage. Spectral filters (not shown) block the excitation light,
and a telescope and a pinhole establish a confocal configuration to reduce
background light. The emitted single photons are analyzed using two APDs
in HBT configuration or by an SSPD, respectively.
The grey curve in figure 2.6 shows the conventional HBT measurement using two
APDs and the same sample. Both curves perfectly overlap. The data was fitted us-
ing equation 2.5. This result shows for the first time that antibunching measurements
with only one detector are possible if the detector’s death time is short enough for the
respective single-photon source.
-50 0 50 100 150 200
0.0
0.5
1.0
1.5
 
 
g2
(
)
 [ns]
Figure 2.6.: g(2) measurement of a single NV− center in a nanodiamond. The blue curve
was measured using a single SSPD and the grey curve using a usual HBT
setup with two APDs. The red line is a fit using equation 2.5.
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While the HBT setup will be used further in this thesis to measure single-photon
statistics, the above measurements are illustrative to show how the capability to measure
single-photon statistics depends on the particular single-photon source and the available
detectors. This relationship will be studied again in chapter 3, where the single-photon
statistics of the source already built for the single photon storage experiment will be
studied in detail.
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Heralded Single-Photon Source
Experiments with true single photons first of all require an appropriate photon source.
While several experimental realizations of single-photon sources exist, most of them have
the disadvantage that the experimentalist has only low control of the properties of the
generated photons, i.e., wavelength or spectral bandwidth. In particular, if photons
of ultranarrow spectral bandwidth are required, only sources based on atomic systems
are intrinsically suitable. However, a photon source based on the process of spontaneous
parametric down-conversion (SPDC) can overcome these limitations. Especially a cavity-
enhanced SPDC source allows to determine the generated photon parameters through the
cavity, thus making ultranarrow spectral linewidth possible. The use of such an optical
parametric oscillator (OPO) as single-photon source has been demonstrated by several
groups [50–53], the OPO utilized in this thesis was recently built in our group [54–57].
In this chapter, the concepts of parametric down-conversion inside a resonator (3.1
and 3.2) together with the underlying nonlinear processes and their experimental real-
ization will be presented. Subsequently, an appropriate description of the photon statis-
tics of a heralded source will be introduced (3.3), which is a prerequisite for performing
quantum information processing using such photons. Afterwards, the first direct mea-
surements of heralded single-photon statistics from a parametric down-conversion source
will be presented (3.4). Finally, the OPO mode spectrum will be studied (3.6).
Parts of this chapter (3.3 and 3.4) were published in Direct measurement of heralded
single-photon statistics from a parametric down-conversion source, Phys. Rev. A 83,
013802 (2011).
3.1. The concept of optical parametric oscillators
During the process of parametric down-conversion a pump photon incident on an appro-
priate nonlinear medium is split into two photons of lower frequency [41], called signal
and idler. Signal and idler photons are generated simultaneously [42], thus, at a low
pump rate, by detecting the heralding idler photon the existence of the signal photon in
the second channel is announced, and event post-selection can be performed. As shown
in figure 3.1, the properties of the generated photons are determined by energy conser-
vation and phase matching and can therefore be controlled to a large extent. Moreover,
the bandwidth of down-converted photons can be reduced by mode enhancement inside
an optical resonator in order to match the linewidth of atomic transitions, e.g., for ap-
plications like quantum networks based on stationary atoms as information processing
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nodes and single photons for information transmission.
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Figure 3.1.: Schematic of the down-conversion process in an appropriate nonlinear medi-
um. A pump photon of frequency ωp and wave vector ~kp is split into signal
and idler photons, which are described by ωs, ~ks and ωi, ~ki.
In nonlinear interactions photons at a fundamental wavelength create photons at differ-
ent wavelengths while obeying energy and momentum conservation. Following Maxwell’s
theory the propagation of an electromagnetic wave inside a dielectric medium induces a
polarization ~P . Its components can be expressed by a Taylor expansion with respect to
the driving electric field ~E
Pi = 0
(
χ
(1)
ij Ej + χ
(2)
ijkEj Ek + χ
(3)
ijklEj Ek El + . . .
)
. (3.1)
The coefficients χ(n) are the nth order susceptibilities, the second-order term involving
χ(2) is responsible for several frequency mixing processes like second harmonic generation
(SHG) and spontaneous parametric down-conversion (SPDC). Secondary elementary
waves are generated and can interfere to a macroscopic field if a proper phase relation
between the fundamental wave and harmonics is ensured. This phase-matching, which is
equivalent to momentum conservation, will be briefly studied below, a more comprehen-
sive analysis can be found in reference [57]. In case of SHG the phase-mismatch between
fundamental and harmonic wave
∆k = k2ω − 2kω = 2ω
c
(n2ω − nω) (3.2)
must be minimized, i.e., nω = n2ω is desired. Otherwise, a phase mismatch would lead
to different phase velocities for fundamental and harmonic waves and limits efficient
conversion to the coherence length. Although several crystal classes have non-vanishing
χ(2), the phase-matching condition limits the options to find an appropriate crystal
material. In isotropic crystals normal dispersion demands nω < n2ω, and anomalous
dispersion is usually limited to high-absorption materials. However, there are several
methods to adjust the relevant crystal parameters in order to achieve nω = n2ω, namely
birefringence in anisotropic crystals.
As shown in figure 3.2, phase-matching in such a crystal depends on the propagation
direction of the light inside the crystal with respect to the crystal’s orientation. By
cutting the crystal in a particular angle relative to its optical axes the condition can be
fulfilled. Additionally, if ordinary (no) and extraordinary (ne) indices of refraction show
22
3.1. The concept of optical parametric oscillators
q
k
n (2 )e w
n ( )o w
n (2 )o w
Z
S
Figure 3.2.: SHG phase-matching. A negative uniaxial crystal shows a single distin-
guished spatial direction, the optical axis ~Z. A polarization perpendicular
to the principal plane, spanned by ~Z and the wave vector ~k of the fun-
damental wave, is called ordinary while in-plane polarization is referred to
as extraordinary. The corresponding refractive indices no(ω) and ne(2ω)
must be equal along the propagation direction ~k in order to achieve efficient
conversion. This is possible because only the refractive index of the extraor-
dinary wave ne(2ω) depends on the angle between ~Z and ~k, hence the angle
can be used to adjust phase-matching [57].
different dependencies on temperature, the crystal temperature may be used to change
the indices of refraction in order to achieve phase-matching, i.e., the fundamental-wave
ordinary index of refraction no(ω) must coincide with the harmonic-wave extraordinary
index of refraction ne(2ω).
Another possibility is the so-called quasi-phase-matching. Here, the sign of the suscep-
tibility switches periodically, which can be achieved artificially by a pulsed electric field,
electron bombardment, thermal pulsing, or other methods [95]. If periodic poling takes
place at multiples of the coherence length, the build-up of a macroscopic polarization
is no longer limited to distances on the order of the coherence length as in unmatched
crystals, but a renewed build-up is initiated. The poling period for quasi-phase-matching
of mth order is given by
Λm =
2pi
∆k (2m− 1) . (3.3)
As the corresponding non-linearity d of this process is modified to
deff =
2
mpi
d , (3.4)
the crystal orientation with the highest initial nonlinearity d can be chosen before the
periodic poling is applied. The crystals available today are mostly fabricated by fer-
roelectric domain engineering; one example is potassium titanyl phosphate (PPKTP),
which is used in this experiment as shown below.
To increase the output power of frequency conversion setups, an optical resonator
around the conversion crystal can be used. Especially for two-photon processes like
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SHG, where the harmonic power shows a parabolic dependence on the fundamental
power, this is advantageous. Depending on the particular application different resonator
geometries can be realized. Bidirectional resonators, e.g., the Fabry-Pérot configuration,
minimize the number of optical components and enhance the mechanical stability while
unidirectional setups, like the bow-tie resonator, avoid back reflections into the pump
laser source.
3.2. Narrow-band single photons from a double-resonant OPO
As shown in figure 3.3, the techniques of SHG and an OPO are used in the experimental
setup for single-photon generation which is part of the single photon storage experiment.
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Figure 3.3.: Experimental setup for down-conversion in a double resonant OPO. The
light from the master laser is amplified by a tapered amplifier (TA) and
subsequently frequency-doubled to blue light at 447 nm using a non-linear
crystal of KNbO3 in a bow-tie cavity configuration (SHG). The cavity length
is stabilized to the pump laser using the Hänsch-Couillaud method (HC) [96].
The SHG output is mode-cleaned by a single-mode fiber of 2 meters length
and fed into the OPO cavity, as described in section 3.2.2. The OPO cavity
is stabilized to the frequency-doubled light by the Hänsch-Couillaud method
also. Signal and idler photons are filtered by several long-pass filters to sup-
press any remaining blue pump light and coupled into two different single-
mode fibers.
The master laser is an external-cavity diode laser (Toptica Photonics DL100), which
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uses a Littrow configuration [97, 98] to reach an intrinsic linewidth of a few 100 kHz
and provides around 20 mW of single-mode output power. This laser is stabilized to
a hyperfine transition of the cesium D1 line at about 894.3 nm (energy level schema
is shown in figure 5.1) in order to present a stable frequency reference for the whole
experiment, as shown below. In order to achieve a sufficient master laser power for the
subsequent experiments, 17 mW of its emission are fed into a tapered amplifier that
generates 250 mW output behind a single-mode fiber. The stabilized and amplified
beam is fed into a bow-tie cavity including a non-linear crystal for SHG. The crystal was
chosen on the basis of its non-linear coefficient. For SHG of a 894.3 nm fundamental
wave KNbO3 shows the best properties. The SHG produces a frequency-doubled blue
beam at 447.15 nm with up to 7 mW power in a single TEM 00 mode. The SHG cavity
is stabilized using the Hänsch-Couillaud method [96] which does not need sideband
generation. This method is applicable to resonators that show different finesse values
for orthogonal polarizations, as it is the case in resonators with birefringent crystals like
in this setup. The second harmonic shows a linewidth that is
√
2 times the fundamental
value.
3.2.1. Laser frequency stabilization
In order to have a fixed wavelength reference for all lasers used in the single photon
storage experiment, the master laser is frequency-stabilized by Doppler-free frequency
modulation spectroscopy (FMS) [99, 100] to the 62S1/2(F = 3) → 62P1/2(F ′ = 4)
hyperfine transition in cesium (more details about the atomic system will be presented
in chapter 5, the level schema can be found in figure 5.1). Compared to the pump-
probe technique of saturation spectroscopy [101] the FMS allows an enhanced signal-to-
noise ratio by taking advantage of lock-in detection on a phase-modulated probe beam.
Figure 3.4 shows the experimental realization of the master laser stabilization. A small
amount of the master laser power is split into pump and probe beams, and after phase
modulation by an electro-optic modulator (EOM) the probe is superimposed with the
counter-propagating orthogonally polarized pump inside a 7.5 cm long cell containing
99.99% pure 133Cs. The cell windows are AR coated in order to avoid parasitic etalons. A
dual-layer µ-metal shielding around the cell attenuates DC fields by a factor ∼ 4.5×10−4,
thus eliminating level shift through earth’s magnetic field and splitting through stray
fields. Lock-in detection of the probe modulation is performed by demodulation of
the electronic signal at the local oscillator (LO) frequency that also drives the EOM,
followed by a low-pass filter. A servo including proportional and integral filter stages
creates appropriate control signals for diode current and the extended-cavity piezo. The
frequency lock is stable for several hours and reduces the short-term linewidth of the
probe laser to <50 kHz.
3.2.2. Experimental realization of the OPO
After spatial filtering by a single-mode fiber the blue light from the SHG is coupled into
an optical parametric-oscillator (OPO) in double-resonant configuration [51, 102] aiming
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Figure 3.4.: Experimental setup for sub-Doppler frequency stabilization of the OPO mas-
ter laser to a cesium hyperfine transition via frequency modulation spec-
troscopy. The laser to be stabilized is split into a pump and probe beam.
The probe is phase-modulated by an EOM and is superimposed with the
counter-propagating orthogonally polarized pump inside the Cs cell. Lock-
in detection of the probe modulation is performed by demodulation of the
electronic signal with the phase shifted (P) local oscillator (LO) signal that
also drives the EOM, followed by a low-pass filter (LP). Through a servo
electronic which modulates the laser current the feedback loop is closed.
at the enhancement of signal and idler and pump fields inside the resonator. Since signal
and idler photons generated by frequency-degenerate parametric down-conversion can
be separated by polarization only, a type-II process is required, i.e., signal and idler are
orthogonally polarized after generation.
PPKTP KTPpump signal
idler
Figure 3.5.: Scheme of the double-resonant OPO using a type-II down-conversion pro-
cess: A compensating unmatched KTP crystal, turned by 90◦, accompanies
the PPKTP crystal inside the resonator for equal FSR of signal and idler [57].
For negligible walk-off angle and collinear propagation of signal and idler fields along
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the resonator symmetry axis, a periodically poled crystal needs to be selected. Potassium
titanyl phosphate (KTP) provides the highest non-linear coefficient for down-conversion
at the selected cesium D1 line (894.3 nm). However, KTP is a biaxial crystal, hence, the
effective crystal lengths for orthogonally polarized signal and idler fields are different.
To ensure simultaneous resonance [51], a second unmatched KTP crystal – turned by
90◦ – is integrated into the resonator next to the periodically-poled conversion crystal
(PPKTP), as shown in figure 3.5.
The resonator is built in Fabry-Pérot configuration with curved mirrors. Incorporating
intra-cavity pump losses, an input mirror reflectivity of ∼ 0.48 for the pump wavelength
ensures impedance matching with an expected resonator finesse F thP = 4.2. Thus, a pump
power of 1 mW outside the resonator leads to 1.9 mW circulating power. In addition to
this enhancement, the resonant pump allows length stabilization of the resonator, again
the Hänsch-Couillaud method is used for stabilization. At signal and idler wavelengths
the input mirror is highly reflective, and a finesse value of F thS/I = 272 is calculated for
signal and idler with an output mirror reflectivity of 0.99. The effective cavity lengths for
pump and signal/idler fields correspond to a free spectral range FSRP ≈ 1.45 GHz and
FSRS/I ≈ 1.50 GHz for pump and signal/idler, respectively. This should yield a cavity
bandwidth γS = γI ≈ 5.4 MHz. Experimentally, a cavity bandwidth γS = γI = 7.2 MHz
was found, as will be shown below. The discrepancy is probably caused by reduced
mirror reflectivity or absorption.
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Figure 3.6.: Schematic plot of the normalized spectrum of the photons generated by
parametric down-conversion inside the cavity. The broad spectrum of the
down-conversion process (red) is modified by the cavity modes (black). The
width of the Lorentzian peaks, i.e., the single-photon bandwidth, is deter-
mined by the cavity damping rate. The peaks are separated by the free
spectral range (FSR).
The signal and idler linewidth FWHM = γS/I
√√
2− 1 ≈ 4.6 MHz [54], the full OPO
spectrum consists of a ∼ 61 GHz wide phase-matching envelope with individual modes
of 4.6 MHz FWHM in ∼ 1.5 GHz intervals, as shown in figure 3.6. The OPO emits at a
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rate of ∼ 1.4× 106 biphotons/s per mW pump power. Such a high rate is only possible
with the double-resonance-enhanced cavity design.
The OPO spectrum can be directly measured by studying the temporal cross-cor-
relation between signal and idler modes, as shown in figure 3.7. Here, the temporal
distance between the peaks corresponds to the cavity round trip time of ∼ 700 ps, this
will be further studied in section 3.6. The theoretical background and details about
the setup used for the measurement in figure 3.7 can be found in reference [57]. The
spectrum will be further studied in section 3.6. From the exponential decay of the
correlation function depicted in figure 3.7 (a), cavity decay rates for signal and idler can
be derived. They in turn translate into the single-photon bandwidth.
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Figure 3.7.: (a) Temporal second-order cross-correlation function between signal and
idler modes1. (b) Zoom into the region around 0 ns signal-idler time delay.
The red dashed line follows a theoretical model presented in reference [57]
which takes into account the time resolution of the correlation measurement
setup of ∼ 620 ps [57].
Corresponding to their narrow spectral bandwidth the signal and idler photons have a
coherence time ∆t of ∼ 220 ns, i.e., the wave packet has a spatial length of ∼ 66 meters
in air.
3.3. Statistics of heralded single photons
Cavity enhanced down-conversion sources are in several aspects superior to other single-
photon sources, namely because of the possible control of photon wavelength and spectral
bandwidth together with the relative ease of use. However, an OPO is not an intrinsic
single-photon source. Only its capability to generate two photons at the same time allows
to post-select, e.g., signal photons on detection of a heralding idler photon. Hence,
the photon statistics of the combined signal and idler output field and subsequently,
1This measurement was performed earlier than the other measurements presented in this thesis. The
cavity bandwidth was lower at that time, it was derived from the exponential decays in this mea-
surement and found to be ∼ 4.4 MHz. For all other measurements, the cavity bandwidth was found
to be 7.2 MHz. This is caused by a lower OPO cavity finesse due to slightly degraded mirrors.
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after detection of one of the two photons the heralded single-photon statistics are very
important and at the same time far less trivial than the photon statistics of an intrinsic
single-photon source. Recent publications [103–105] have discussed the characterization
of heralded SPDC-based photon sources with continuous-wave excitation, i.e., the source
is driven by a cw pump beam (p) at wavelength ωp and produces signal (s) and idler
(i) beam at center frequencies ωs and ωi = ωp − ωs, respectively. However, direct
measurements of SPDC photon statistics under cw excitation in the single-photon regime
are difficult, due to the fact that detector jitter τd is usually far larger than the signal
coherence time ∆t determined by the spectral width of the generated photons, typically
being in the several 100 GHz regime, i.e., ∆t ≈ 0.1..1 ps. In particular, triple-coincidence
rates between idler and two signal photons, could not be resolved appropriately. In
particular the peculiar difference between antibunching in a single-photon source based
on spontaneous emission of a two-level system and the ’heralded antibunching’ of a
heralded single-photon source could not be investigated. In fact, the statistics of the
signal remains a classical (thermal) statistics even when conditioned with the detection of
an idler. Detection of an idler enhances the probability of immediate detection of a signal.
This is the non-classical signal-idler correlation. However, under cw excitation it is then
still most likely to detect another signal photon right after (i.e., within the coherence time
∆t) the first one. This correlation in triple coincidences, however, is typically completely
hidden since experimentally required coincidence windows of duration τc are larger than
∆t because of the limited time resolution of the setup, i.e., τc  ∆t. At least a limit to
τc is enforced by the detector jitter τd ≈ τc. Under these conditions, measurements of
tripple coincidences only reflect the signal-idler correlation but not the statistics of the
signal in heralded mode. In other words, as pointed out in reference [105] a coincidence
window prevents the verification of one-arm second-order effects altogether.
To study SPDC single-photon statistics in heralded mode, the conditioned temporal
second-order correlation function g(2)c (analogous to equation 2.2) needs to be regarded.
It describes the second-order coherence of the signal field conditioned on observing an
idler photon at time ti. For two signal photons at t1 and t2 it is defined as follows [103]:
g(2)c (t1, t2 | ti) ≡
〈Eˆ†s(t1)Eˆ†s(t2)Eˆs(t2)Eˆs(t1)〉pm
〈Eˆ†s(t1)Eˆs(t1)〉pm〈Eˆ†s(t2)Eˆs(t2)〉pm
(3.5)
with 〈...〉pm being averages over the post-measurement state (i.e., after detection of an
idler photon) assuming sufficiently high detector time resolution and unity quantum
efficiency for the idler photon detector. It is 〈Yˆ 〉pm = 〈Eˆ†i (ti)Yˆ Eˆi(ti)〉/〈Eˆ†i (ti)Eˆi(ti)〉.
Eˆs(t) and Eˆi(t) represent the scalar photon-units positive frequency electric field oper-
ators [106]
Eˆj(t) =
1
2pi
∫
dωAˆj(ω)e−iωt , j = s , i , (3.6)
where Aˆj(ω) is the corresponding output field operator in the frequency domain. As
shown in reference [107], these output field operators can be related to the vacuum-
state field operators at the input of the non-linear crystal using Bogoliubov transforma-
tions [108], which are commutator-preserving relations that transform Gaussian state
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inputs into Gaussian state outputs. Thus, because the joint state of signal and idler is
produced from the Gaussian vacuum state, it is a Gaussian state too [109]. Therefore,
the joint output state is completely characterized by its first and second moments [110].
Its only nonzero moments are given by its temporal auto- and cross-correlation func-
tions [107, 109]
〈Eˆ†j (t+ τ)Eˆj(t)〉 = eiωpτ/2R(τ) , (3.7)
〈Eˆj(t+ τ)Eˆk(t)〉 = (1− δjk)e−iωp(t+τ)/2C(τ) , (3.8)
where δjk is the Kronecker delta function and j, k = s, i. The problem is therewith re-
duced to finding the appropriate R(τ) and C(τ) function for the particular experimental
situation. Following reference [109] there is a physical justification for these terms: First,
it is expected that for cw pumping the signal and idler photons are emitted at constant
average rates. This is consistent with a linear increase of the auto-correlation function
R(τ) from 0 to RSPDC for τ = ±b1 → 0 where the interval b1 = 1BSPDC . Second, an idler
photon appearing at a time ti is accompanied by a signal emission at time t1 that lies
somewhere in the time interval ±b2 around ti with b2 = 12BSPDC . Therefore, the cross-
correlation C(τ) is a constant step function, and it is
√
RSPDCBSPDC on the interval
±b2 around τ = 0 and zero otherwise. Accordingly, for an SPDC source the temporal
auto- and cross-correlation functions are given in reference [104] as follows:
R(τ) =

RSPDC(1 + τBSPDC) − 1BSPDC < τ ≤ 0
RSPDC(1− τBSPDC) 0 < τ ≤ 1BSPDC
0 otherwise
|C(τ)| =
{ √
RSPDCBSPDC − 12BSPDC < τ < 12BSPDC
0 otherwise , (3.9)
where RSPDC is the signal/idler photon-generation rate and BSPDC is the bandwidth
of the SPDC process. Based on the same physical argumentation in case of a down-
conversion process inside a cavity with the linewidth γ one can find:
R(τ) = RSPDCe−|τ |/∆t
C(τ) =
√
RSPDC/∆te−|τ |/∆t (3.10)
with ∆t = 12piγ . The peak shape in both cases is defined by the cavity, the height is
unchanged compared to equation 3.9. Figure 3.8 compares auto-correlation and cross-
correlation functions R(τ) and C(τ) for common configurations of SPDC (figure 3.8 (a))
and cavity-enhanced down-conversion processes, i.e., in an OPO (figure 3.8 (b)). It
is apparent that the timescales of the SPDC process are several orders of magnitude
smaller compared with cavity-enhanced down-conversion. This is the crucial advantage
of cavity-enhanced down-conversion for the coincidence measurements presented here.
The coherence time ∆t is now determined by the quality of the cavity, i.e., it can be so
large, that the timing resolution of the APDs and the data-acquisition hardware is high
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Figure 3.8.: Auto-correlation function R(τ) and cross-correlation function C(τ) for a
SPDC process with a typical photon bandwidth BSPDC = 1 THz (a) and
cavity-enhanced down-conversion with a cavity linewidth γ = 10 MHz (b).
Note that vertical scales are different. Note that in (b) the coherence time
is determined by the cavity and is orders of magnitude larger than in (a).
enough to allow direct measurements of the signal-signal correlation after heralding with
detection of an idler photon. Such measurements will be presented in section 3.4. In
the experiment, accessible parameters are the signal idler coincidence rate Psi(ti + τ, ti)
for having a signal photon at time ti + τ and an idler photon at time ti and the triple-
coincidence rate Pssi(t1, t2, ti) for two signal photons at time t1 and t2 and an idler photon
at time ti. These coincidence rates can be connected to g(2)c (t1, t2 | ti) in equation 3.5
using the quantum form of the Gaussian moment-factoring theorem (see reference [107])
as follows [104, 105]:
Psi(ti + τ, ti) ≡ 〈Eˆ†s(ti + τ)Eˆ†i (ti)Eˆi(ti)Eˆs(ti + τ)〉
= 〈Eˆ†s(ti + τ)Eˆ†i (ti)〉〈Eˆi(ti)Eˆs(ti + τ)〉
+ 〈Eˆ†s(ti + τ)Eˆi(ti)〉〈Eˆ†i (ti)Eˆs(ti + τ)〉
+ 〈Eˆ†s(ti + τ)Eˆs(ti + τ)〉〈Eˆ†i (ti)Eˆi(ti)〉
= R2(0) + |C(τ)|2
≡ Psi(τ) (3.11)
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Pssi(t1, t2, ti) ≡ 〈Eˆ†i (ti)Eˆ†s(t1)Eˆ†s(t2)Eˆs(t2)Eˆs(t1)Eˆi(ti)〉
= 2C(t1 − ti)C(t2 − ti)R(t1 − t2)
+R(0)[R2(0) +R2(t1 − t2) + C2(t1 − ti)
+ C2(t2 − ti)] (3.12)
Then, the conditioned second-order correlation function, equation 3.5, can be written as
g(2)c (t1, t2 | ti) =
Pssi(t1, t2, ti)R(0)
Psi(t1 − ti)Psi(t2 − ti) . (3.13)
Hence, it is fully defined by R(τ) and C(τ), which are both known for the OPO (equation
3.10) as well as by the experimentally accessible coincidence rates Pssi and Psi.
3.4. Coincidence measurements
Based on the available narrow-band photons with very large coherence time ∆t from the
OPO, it is now possible for the first time to completely reveal triple coincidences and
heralded correlations not hidden by coincidence windows anymore.
Coupling laser
Master laser
Spectroscopy
SHG OPO
FP
EIT
FP Detection
Detection
Setup details
filter
signal
idler
HC
OPO
from 
SHG
BS APD 1
APD 2
APD 3
Time-tag electronics
Figure 3.9.: Experimental setup for the direct measurement of triple coincidences and
heralded signal-signal correlations. The signal and idler photons produced
by the OPO are spectrally filtered to block the pump light and fed to a Han-
bury Brown and Twiss setup and to a single avalanche photodiode (APD),
respectively. All APD clicks are recorded using time-tag recording.
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The experimental setup used to perform such measurements is shown in figure 3.9.
Behind the OPO cavity the pump beam is blocked by long-pass filters, the generated
signal and idler photons are separated by a polarizing beam splitter, and both are cou-
pled into single-mode optical fibers. One fiber is directly connected to an avalanche
photodiode (APD), the other to a Hanbury Brown and Twiss (HBT) setup, as described
in section 2.1. Photon arrival times were recorded with 4 ps time resolution using a
PicoHarp 300 (PicoQuant) single photon counting system in time-tag mode. From the
recorded data the time averaged double-coincidence rate P si(t1, ti) and triple-coincidence
rate P ssi(t1, t2, ti) is calculated using software post-processing. It should be noted that
the measurements in this thesis are denoted as P (according to the notation used in
reference [103]) because they include averaging over the detection time jitter. However,
in our case the detection jitter is negligible compared to all other relevant time scales
and thus P ≈ P . Figure 3.10 shows the signal-idler coincidence rate P si(t1, ti).
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Figure 3.10.: Signal-idler correlation function P si(τ) for an idler photon measured with
APD 3 of figure 3.9 at ti = 0 and a signal photon at t1 = τ measured either
with APD 1 or 2. The shape reflects the OPO cavity linewidth of 7.2 MHz.
The inset shows the measured untriggered signal-signal auto-correlation
function measured with APD 1 and 2. Both measurements were binned
with bin size τb = 3 ns  ∆t.
The rates were calculated from around 8 hours of raw time-tag data at a signal and
idler photon rate of ∼ 200.000 counts/s each. Here, ti = 0 is the arrival time of the
idler photon. t1 − ti and t2 − ti are time offsets of corresponding signal photons. Dur-
ing software post-processing, signal photons with time offsets > 150 ns or < −150 ns
were regarded as noise and discarded. Unlike in earlier studies [103, 104] no additional
coincidence window was introduced. Hence, P was directly measured and not only its
smeared approximation N as in those studies. To smooth the results for a graphical rep-
resentation, the data was binned with a bin size of τb = 3 ns, which is above the specified
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Figure 3.11.: Measured (a,b,c) and simulated (d,e,f) triple-coincidence rates
P ssi(t1, t2, ti) and Pssi(t1, t2, ti), respectively, for an idler photon at
ti = 0 and two signal photons at t1 − ti and t2 − ti. The ridges of the
plots are normalized without binning to 1, which represents the theoretical
result in case of no background noise [105]. The measurements in a) b)
c) as well as the simulations in d) e) f) are binned with bin sizes of 5 ns,
10 ns and 40 ns, respectively. See text for discussion.
detector jitter of τd = 600 ps but far lower than ∆t. In accordance with equations 3.10
and 3.11 the data is fitted by an exponential decay function and shows excellent agree-
ment. The corresponding cavity bandwidth is found to be 7.2 MHz corresponding to a
coherence time ∆t of ∼ 140 ns. It fits well to the cavity design-bandwidth of 5.4 MHz
(see section 3.2.2) if one takes a slight decrease of the cavity finesse over time into ac-
count as the cavity was built more than one year ago. The perfect fit shown in figure 3.10
further justifies the characterization of the down-conversion process in the OPO given
in section 3.3 which resulted in equation 3.10.
Figures 3.11 a), b), c) show the experimental triple-coincidence rates P ssi(t1, t2, ti)
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for three different bin sizes of 5 ns, 10 ns and 40 ns compared to their theoretical
prediction Pssi(t1, t2, ti) in d), e), f). The theoretical plots were calculated from the
fitted auto-correlation and cross-correlation functions. In addition to the pure theoretical
description in equation 3.10 a constant background A and B was added to account for
stray light and noise photons. The auto- and cross-correlation functions therefore read
R(τ) = RSPDCe|τ |/∆t +ARSPDC
C(τ) =
√
RSPDC/∆te|τ |/∆t +B
√
RSPDC/∆t . (3.14)
At first, figures 3.11 a) and d) will be discussed. Here, a small bin size of 5 ns is introduced
for better graphical representation. The ridges running parallel to the axes t1 = ti and
t2 = ti are given by the respective signal-idler correlation. The correlation reflects
that signal and idler are always produced in pairs. In the experimental data set these
values are used for normalization of the count rate. Away from the central area around
ti = t1 = t2, triple coincidences reflect the detection of a signal-idler pair together with an
accidental detection of another signal photon (signal photons are continuously produced
with a constant rate under cw excitation!). In the central area around ti = t1 = t2
the correlations are considerably increased. Theoretically, a factor of 4 [105] is expected
which can be understood as follows: Both signal and idler photons are created in pairs
but with a thermal statistics. The probability to find a second photon in a short time
interval within the coherence time is twice as large as in the case of a purely random
(Poissonian) process (see also the inset in figure 3.10). At the same time, detecting an
idler photon within the time interval ∆t close to a signal photon is also twice as likely as
a purely random coincidence. In summary, this yields a factor of 4. The measured value
of only ∼ 2 has several reasons. First, a satisfactory signal-to-noise ratio together with
adequate measurement times require the OPO to be pumped slightly above the single
photon level. Noise counts result from fully uncorrelated floor due to stray light, dark
counts, and remaining pump photons as well as partly correlated counts from non-perfect
signal-idler separation. Stronger pumping drives the statistics of pair emission closer to
the Poissonian (purely random) case. Second, the time resolution of the measurement
system also limits the central peak height. The diagonal bunching structure at t1 = t2
again reflects signal-signal bunching accidently triggered by random idler events. It can
be included in the simulation by adding uncorrelated noise as present in the experiments
(offsets A and B in equation 3.14).
Now, larger bin sizes of 10 ns and 40 ns are introduced in figures 3.11 b), c) and in
e), f), respectively, in order to highlight the influence of a coincidence time window.
Obviously, the shape of the experimental plot corresponds very well with the theoretical
expectation. It can be clearly seen, that a coincidence window (introduced artificially
here via the binning window) destroys detailed information about triple coincidences.
The shape of the correlation-curve can no longer be derived. Only a step-like ridge
(normalized to 1) and an enhanced central bin at ti = t1 = t2 remains. The central
enhancement decreases with decreasing ratio of ∆t/τc [105]. Eventually, the central
enhancement vanishes. Then, no information about the statistics of the pair emission
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or heralded signal-signal correlation under cw excitation can be derived. The results in
figure 3.11 show this transition for the first time.
Although the measured triple coincidences already contain the full statistical informa-
tion about the SPDC photon-pair source, it is intuitive to represent the data in terms of
the quality of the down-conversion source as heralded single-photon source. In order to
do that, the second-order signal coherence function conditioned on the detection of an
idler photon was calculated. To compare the heralded single-photon source with other
single-photon sources, g(2)c (τ) ≡ g(2)c (ti, ti + τ | ti) = g(2)c (0, τ | 0) is most appropriate.
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Figure 3.12.: Calculated second-order signal coherence function conditioned on the de-
tection of an idler photon g(2)c . The black dots represent measurements,
the red line was simulated according to equation 3.13. The dotted line
represents the same simulation but without the background noise.
As shown in figure 3.12, an antibunching feature is clearly visible with the typical
signature of non-classical light emission. The antibunching dip does not go down to zero
because of extra noise contributions, namely from a fully uncorrelated floor due to stray
light, dark counts, and remaining pump photons as well as partly correlated counts from
non-perfect signal-idler separation. The red line was simulated according to equation 3.13
including these noise contributions. In order to extract the pure (noiseless) heralded-
photon statistics of the photons as generated by the cavity SPDC source, the simulation
was performed again with the same parameters but without the noise contributions in
R and C, i.e., A = B = 0 in equation 3.14. The result is shown by the dotted red line
in figure 3.12.
The analysis highlights the fact that a heralded antibunching can be observed even
if the single-arm statistics (of both idler and signal) is thermal. The dip in g(2)c (τ)
merely shows that photons are generated in pairs, i.e., that there is strong non-classical
signal-idler correlation and that this correlation is independent of the pair-emission rate.
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However, at the same time the probability to detect two or more photons in one arm
within a certain fixed time window can be made arbitrarily small (by reducing the rate or
shortening the time window). This is also valid for any single-photon statistics. Thus,
the ratio of these two quantities can always enforce a dip, as seen in figure 3.12. In
previous measurements where the detector’s time jitter τd was much larger than the
coherence time ∆t of the photons [111], the heralded antibunching dip consisted of a
single point. In contrast, our measurements plotted in figure 3.12 nicely resolve the
coherence times or the temporal shape of the photon wave packet.
3.5. Discussion and short summary
In this subchapter, the concept of optical parametric oscillators and its realization in-
side a cavity was demonstrated. The single photon storage experiment (figure 1.5) will
use an OPO which was recently developed in our group [54–57] as single-photon source.
This OPO and the surrounding components of the experimental setup were briefly de-
scribed. The OPO emits at a rate of ∼ 1.4×106 biphotons/s per mW pump power, and
the emitted photons’ spectral FWHM is 4.6 MHz. Their wavelength is matched to the
62S1/2(F = 3) → 62P1/2(F ′ = 4) hyperfine transition in cesium in order to allow inter-
facing with an atomic system. More details about the atomic system and its application
in the single photon storage experiment will be presented in chapter 5.
The heralded single-photon statistics of the OPO photons were studied in detail. The
results show the first direct triple-coincidence analysis of two-photon states emitted from
an SPDC source under cw excitation. Due to a tremendously enhanced coherence time
compared to SPDC sources without a cavity, the detector’s time jitter was negligible.
Unlike in earlier studies [103, 104] this allows measurement without a coincidence window
τc which eventually prevents the verification of one-arm second-order effects [105]. By
later artificially introducing a coincidence window of increasing width it was possible to
show the transition from a regime, where full signal-idler and signal-signal correlation
properties are available to a limit, where the triple coincidences are merely determined
by signal-idler correlations. So far only the latter limit was accessible. Signal-idler but
also thermal signal-signal correlations were clearly resolved. The heralded antibunching
characteristics were investigated, and it was shown that in this system further studies of
continuously generated photon states, possibly higher photon number entangled states,
can be performed to investigate their (non-)applicability in quantum information tasks.
3.6. OPO mode spectrum
As the analysis in section 3.4 already shows, there is strong non-classical signal-idler cor-
relation, the signal and idler photons are always generated in pairs, i.e., at exactly the
same time. Due to this property, the signal-idler cross-correlation function is actually
more complex than what was derived in section 3.3. In fact, the signal-idler cross-
correlation function C(τ) given in equation 3.10 exhibits the envelope of the full corre-
lation function. This envelope is sufficient for the description of the triple-coincidence
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measurements in section 3.4 because the detector jitter τd prevents the resolution of
more details anyway. However, figure 3.7 (b) shows that more details are present in the
correlation function. The red line depicted in this figure follows a more complex theoret-
ical model of the double-resonant OPO and also takes into account the time resolution
of the correlation setup of 620 ps. The full theoretical treatment of the double-resonant
OPO can be found in references [57, 56]. Its final expressions for the output spectra
are lengthy and will not be noted here explicitly. They follow the convolution of two
combs, each consisting of individual Lorentzian lines, with a phase-matching envelope
around the corresponding central signal or idler frequencies [112, 54]. The resulting ex-
act cross-correlation function which was used – convoluted with the detector resolution
– to calculate the red line in figure 3.7 (b) is given by [54]
G
(2)
S/I(τ) ∝
∣∣∣∣∣ ∑
mS ,mI
√
γSγIωSωI
ΓS + ΓI
×
×
{
e−2piΓS(τ−
τ0
2 ) sinc [ipiτ0ΓS ] ∀ τ ≥ τ02
e+2piΓI(τ−
τ0
2 ) sinc [ipiτ0ΓI ] ∀ τ < τ02
∣∣∣∣∣
2
(3.15)
with central signal and idler frequencies ωS and ωI , Γk = γk2 + imk∆ωk,eff , mk ∈ N0
(k ∈ {S, I}). G(2)S/I consists of peaks with a temporal width τ0 which accounts for the
propagation delay between signal and idler photons inside the conversion crystal. The
peak structure decays with cavity damping rates γS and γI , respectively.
Experimentally, the signal-idler correlation can be further studied if the detector jit-
ter is small enough. Using two special APDs (PicoQuant MPD 5CTC) with a detector
jitter τd ≈ 50 ps, this measurement was possible. However, these APDs have only
Q = 0.05 quantum efficiency at 894 nm wavelength, which requires a high OPO pump
intensity of 1 mW. Triple-coincidence measurements as shown in section 3.4 would not
be possible with such a low quantum efficiency as the coincidence rate would be too low
because it scales with Q3.
In order to study signal-idler correlations the signal and idler photons generated by
the double-resonant OPO were both directly coupled onto two APDs using single-mode
fibers. The photon arrival times for ∼ 2× 109 events were recorded with 4 ps resolution
using a PicoHarp 300 single photon counting system in time-tag mode. Signal-idler
correlation events were extracted from the recorded data and the respective time offset
τ = tS− tI stored. At first, on a large time scale the data was fitted with an exponential
decay function in order to find the peak position, and this information was used to
correct for non-identical cable and optical path length. Afterwards, the signal-idler time
offset was analyzed in detail for |τ | < 2.5 ns. The same measurement was performed
with only the signal photons being analyzed using a Hanbury Brown and Twiss detector
configuration. For this signal auto-correlation measurement, the idler photons were
discarded and ∼ 1× 109 events were recorded.
The result of the full signal-idler correlation measurement is plotted in figure 3.13 (a).
From the non-correlated photon rates, a background level due to stray light, non-perfect
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filtered pump-light and detector dark counts was measured and subtracted. Addition-
ally, on a broad time scale, the background from photon bunching was approximated by
an exponential decay function determined by the OPO cavity linewidth (as shown in sec-
tion 3.4) and also subtracted, the result from this calculation is shown in figure 3.13 (b).
The inset in figure 3.13 (b) shows the signal auto-correlation measurement.
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Figure 3.13.: Signal-idler correlation measurement. (a) Plot without noise subtraction.
(b) Details around τ = 0 after subtraction of background caused by noise
photons and photon bunching. The peaks are equally spaced by ∼ 700 ps
corresponding to the cavity round trip time tR. The inset in (b) shows the
same measurement but for signal-signal correlations.
In figure 3.13 (b) the distinct time correlation of signal and idler photons is clearly
visible. The coincidence counts appear in individual peaks, which are equally spaced by
tR ≈ 700 ps corresponding to the cavity round trip time. The peak width is determined
by the detector jitter td. The auto-correlation measurement (inset in figure 3.13 (b))
proves that the measured peak structure is not somehow related to the cavity or any
other external effect. The parallel structure is often interpreted in a simple way, i.e., it
reflects the signal wave packet which is bouncing between the two mirrors of the OPO.
Only every round trip time tR it is possible to detect a photon outside of the cavity.
However, it has to be noted that the signal-idler pair is generated by a pump with a
long coherence time (τp,coh ≈ 200 ns [57]) within the cavity. Therefore, before detection
of an idler photon, no location of a signal photon wave packet in time shorter than τp,coh
is possible. This situation is similar to the configuration described by Franson [113] to
detect time-energy entanglement. Thus, the mere observation of the parallel structure
in figure 3.13 (b) is an indication for time-energy entanglement of the signal and idler
photon. The more complex structure of the signal-idler wave packet in an OPO and
its relation to entanglement has been pointed out in reference [102], but it was not
investigated further. The experimental configuration introduced here may be very useful
to perform time-energy entanglement in an OPO in further studies.
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4. Spectral Filtering of Single Photons
As shown in chapter 3, the generation of ultranarrow-band single photons is possible
using cavity-based parametric down-conversion. However, as shown in figure 3.6, the
OPO output is not single mode but a comb-like spectrum with around 50 modes spec-
trally separated by ∼ 1.5 GHz. Hence, in order to generate single-mode photons the
OPO output needs to be filtered to transmit just one mode. This chapter presents an
appropriate filtering setup together with its application in the single photon storage
experiment (figure 1.5) and beyond.
Narrow-band spectral filtering of light is important in a vast field of applications,
ranging from wavelength division multiplexing (WDM) in optical communication net-
works [114] to Brillouin microscopy [115] and lidar systems [116] to name just a few.
Several spectral filtering concepts are well-known, however, just a few allow transmis-
sion windows in the sub-GHz regime, which equals wavelength on the picometer scale.
Here, a filter based on a Fabry-Pérot cavity was chosen.
The chapter starts with the study of a Fabry-Pérot etalon as narrow-band spectral
filter (4.1). Subsequently, this filter is used for single-mode operation of the OPO (4.2).
In the last section, (4.3) a theoretic study is presented how such a filter might possibly
enable long range free-space quantum key distribution at daytime.
A part of this chapter (4.1) was published in Note: An ultranarrow bandpass filter sys-
tem for single-photon experiments in quantum optics, Rev. Sci. Instrum. 81, 026108
(2010), another part (4.3) was published in Ultranarrow bandwidth spectral filtering for
long-range free-space quantum key distribution at daytime, Opt. Lett. 34, 3169 (2009).
4.1. Multi-pass etalon for spectral filtering
A Fabry-Pérot filter or etalon is one of the most widely used optical filters. Its free
spectral range (FSR) and the transmission linewidth ∆ν define the finesse of the device
F = FSR/∆ν. In theory, the finesse is given by the mirror reflectivity (R) only, yielding
Fr = pi
√
R/(1 − R), but in real setups several material parameters like surface flatness
of the optical substrates and mirror tilt together with Fr require to generalize to the
so-called effective finesse Feff [117]. The performance of the filter is described by the
contrast C = Tmax/Tmin = (1+4F 2eff/pi2) and the peak transmission, which is no longer
Tmax = 1 as in the ideal case but [118]
Teff = Feff/Fr < 1. (4.1)
The effective finesse Feff can be calculated from the reflective finesse Fr and the
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surface or defect limited finesse Fd [118],
1
F 2eff
= 1
F 2r
+ 1
F 2d
. (4.2)
The defect limited finesse Fd in turn is calculated from the influence of spherical defects
FS (curvature deviation), Gaussian defects FG (random aberration), and mirror tilt FT :
1
F 2
d
= 1
F 2S
+ 1
F 2G
+ 1
F 2T
. The defect contributions are in each case calculated from the
respective deviation δ, expressed as m-th fraction of the operation wavelength λ, δ =
λ/m, as shown in figure 4.1. The specific contributions to the defect limited finesse were
δ t  ≤ λ / m
SS
δ t  ≤ λ / m
GG δ t  ≤ λ / mTT
a) b) c)
Figure 4.1.: Etalon substrate imperfections. a) spherical defects (curvature deviation),
b) Gaussian defects (random aberration), c) mirror tilt.
found to be FS = mS2 , FG =
mG
4.7 and FT =
mT√
3 [118–120]. The etalon substrate quality
and alignment thus limit the effective finesse and so the performance of the spectral
filter, i.e., the filter contrast.
Equations 4.1 and 4.2 show that for a good filter performance Fd should be as high as
possible and Fr (i.e., R) should be adjusted to maximize both transmission and effective
instrument finesse. Besides a maximized surface quality a high Fd requires an active
stabilization of the distance and parallelism of the mirror substrates to maximize the
tilt-limited defect finesse FT →∞, enabling also wavelength scanning of the instrument.
An enhancement of the contrast of the etalon filter can be obtained, if the signal beam
traverses the whole etalon several times (n times) thus increasing the filter contrast
from the single-pass contrast C1 to the multi-pass contrast Cn = Cn1 . Due to the
properties of the Airy-function, the finesse of such a multi-pass setup scales as Fn =
F1(21/n − 1)−1/2 [117], and the transmission scales as Tn = Tn1 . Consequently, the
increased contrast is achieved at the cost of a lower filter transmission. Therefore, a
high single-pass transmission is very important in a multi-pass setup. In particular, if
the filter is used in a quantum optics experiment, e.g. with photons carrying qubits, the
loss of only a single photon is already associated with complete loss of information.
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4.1.1. Experimental realization
The etalon used in this filter setup (Lightmachinery, Inc., Canada) was manufactured
from highly polished flat mirror substrates with surfaces matched to λ/280 at the utilized
wavelength of the Cs D1-line of 894nm (see figure A.1 in the appendix). The reflectivity
of the mirrors was specified to R = 94%, i.e., Fr ≈ 51. Due to a special polishing
technique used by the manufacturer, the Gaussian defects including surface roughness
can be neglected compared to the spherical defects FG →∞, thus leaving the spherical
defect limited finesse FS = 2802 = 140 and hence Feff ≈ 48. Actual measurements
suggest a slightly higher mirror reflectivity of almost 94.8% and accordingly Fr ≈ 59
and Feff ≈ 54. The FSR of the instrument is FSR = 17.4 GHz, which means only a
deviation from the specified value of 18.2 GHz.
Figure 4.2.: Photograph of the etalon. Three piezo elements in tripod configuration
together with an active stabilization using strain gauge sensors control the
mirror distance and parallelism.
The mirror substrates of the etalon are connected by three piezo elements (Piezo-
mechanik GmbH, Germany) in tripod configuration, as shown in figure 4.2. A closed-loop
controller together with strain gauge sensors in each piezo element controls the mirror
distance and parallelism with nanometer-precision, allowing a mirror tilt < λ/1000. A
home-made offset-voltage generator allows individual and combined adjustment of the
three piezos. An external ramp generator is used to perform a combined scan of all
three piezos, i.e., a scan of the substrates’ distance while maintaining parallelism. The
whole electronics was built carefully in order to suppress noise as much as possible,
because noise already in the mV range on the piezo would impede the necessary mirror
parallelism. In order to reduce the inherent noise of the commercial piezo controller,
filter capacitors were placed in parallel with the piezos. The spectral filter was built by
placing the etalon in a home-made ultra-stable upright housing, as shown in figure 4.3.
A 25 mm stainless steel base plate and beneath a 3-point support using small steel
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Mirror in mount
2nd retroreflector
1st retroreflector
Output beam
Input beam
Piezo and strain 
gauge sensor
Etalon mirror substrate
ZY
X
Figure 4.3.: Overview of the multi-pass etalon setup. The etalon itself is enclosed by a
double-layered copper box for electromagnetic isolation. The whole setup is
placed inside a foamed plastic box for acoustic and stray light isolation.
spheres maintain overall stability. Two solid retro-reflectors with anti-reflection coating
are mounted movable in xy-direction and turnable around the z-axis above and below
the etalon. The etalon itself is turnable around the z-axis and slightly movable in xy-
direction. Small mirrors couple the light into and out of the z-axis. With a 1 mm
diameter laser beam of a few mW power the adjustment was done, basically using back-
reflections and the shape of the transmission signal as indicators while scanning the
piezos. A double-layered copper box encloses the etalon itself, and a foamed plastic
box is placed around the whole filter setup for acoustic and stray light isolation. For
additional stray light reduction pinholes adjusted to the respective beam diameter are
mounted in-between the etalon plates and between the etalon and each retro-reflector.
At first, the triple-pass etalon was analyzed in a test setup, as shown in figure 4.4.
By scanning the interferometer mirrors over one FSR and fitting an Airy-function, as
shown in figure 4.5, the etalon specifications were recorded.
The measured finesse of 105 is in good agreement with the expected value for the
effective triple-pass finesse F3 = 106. The measured peak transmission Tmax = 65% is
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Figure 4.4.: Experimental setup used to verify the etalon performance. Light from a
stabilized diode laser is fed into a stray light isolated box containing the
multi-pass etalon, a reference detector, and two detectors behind the etalon.
After adjusting the instrument, the signal light is strongly attenuated and
measurements are performed using a single-photon APD.
lower than the theoretical maximum of T3 = 77% and suggests an experimental single-
pass transmission of 87% compared to Teff = 91.5% from equation 4.1. This is probably
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Figure 4.5.: Scan of the interferometer mirrors over one free spectral range (dotted
curve). The solid black curve is the fitted Airy-function.
caused by several effects not considered in equation 4.1, i.e., non-perfect anti-reflection
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coating of the outside of the etalon mirrors and the retro-reflectors, absorption in mirror
substrates, non-perfect reflectivity of the retro-reflectors or coupling mirrors, etc. The
triple-pass etalon suppresses off resonant light by 46 dB compared to a theoretically
expected value of 90 dB. The single-pass suppression was measured to be 21 dB, which
is already lower than the 30 dB expected from the above contrast calculations.
Another aspect studied was the effect of the multi-pass etalon on polarized light.
While the etalon itself is polarization preserving, the retro-reflectors employ total internal
reflection in order to maximize the amount of reflected light. Thus, the reflected light
has an angle-dependent phase shift, i.e., the polarization is not necessarily preserved.
It is however possible to use particular areas of the retro-reflectors which induce only a
constant polarization rotation and ellipticity. Careful alignment of both retro-reflectors
and two half-wave plates thus allows to transmit horizontally and vertically polarized
light almost without distortion. It was found that only for one of the two polarization
states an ellipticity of 2− 3% occurs.
4.1.2. Discussion and short summary
A multi-pass etalon was built and its performance studied. With a measured peak
transmission of 65% and a suppression of off resonant light by 46 dB the performance is
satisfactory for several tasks in the entire single photon storage experiment. The next
section shows how this instrument is used to filter OPO photons and how it might be
used in free-space quantum key distribution. In chapter 6 another even more challenging
application in the context of single photon storage will be demonstrated.
Although the multi-pass contrast of the etalon filter in the setup is significantly lower
than predicted by the simple to-the-power-of-n statement in multi-pass etalon theory,
it is still 10− 15 dB better than other ultranarrow bandpass filters of comparable peak
transmission [114]. The contrast measurements suggest that the reduced performance
compared to theoretical expectations is caused by stray light and effects of beam broad-
ening between the passes which limit the performance in multi-passing. However, strong
variations between theoretical and experimental multi-pass contrast have been observed
in other implementations as well [121, 122]. There are other multi-pass etalon imple-
mentations with far higher contrast, e.g., > 170 dB [121], but at the cost of much lower
peak transmission, e.g., 10% in this example. Directly scaling the 170 dB contrast to an
acceptable peak transmission of 60% by using a hypothetical double-pass configuration
would result in just 38 dB contrast. Compared to other ultranarrow bandpass filters the
etalon based filter is more flexible and adaptable to the particular task. For example,
filters based on absorption of an atomic transition, which are often used in single photon
experiments in combination with atomic systems [69], are very narrow-band and have
good transmission but lack fast and easy tunability. Furthermore, they are only avail-
able for a particular wavelength corresponding to the specific atomic level scheme, e.g.,
there is no suitable atomic system available for a Cs based setup, as will be discussed
in chapter 6. Filters based on Fiber Bragg gratings generally have the disadvantage
of higher dampings, they are commercially available with < 3 dB attenuation only for
telecom wavelengths, and commercial DWDM filters have too broad passbands [114].
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Polarization of linear polarized light is mostly preserved, i.e., the whole filter produces
2 − 3% elliptical polarized light from linear polarized incident light. This is due to the
solid corner cube retro-reflectors, and by using hollow retro-reflectors that do not rely on
total internal reflection, a considerable improvement of polarization preservation can be
expected. This is important in a situation where the filter might be used to filter both
signal and idler photons in order to separate them afterwards by using a polarization
beam splitter.
4.2. Single-mode operation of the OPO
The multi-pass etalon described above can be used as filter in order to reach single-mode
operation of the OPO. Through its small transmission window of 165 MHz FWHM only
a single OPO mode will be transmitted as two consecutive OPO modes are spectrally
spaced by ∼ 1.5 GHz. However, the FSR of the multi-pass etalon is only a fraction of the
width of the down-conversion process of ∼ 61 GHz, therefore, a second filter is required
to suppress further OPO resonator modes at a multiple of the FSR. An additional small
etalon was chosen for this task. This small etalon is composed of a ring piezo with two
directly attached mirrors of 0.9 reflectivity. The mirror distance is 3 mm resulting in an
FSRS = 50 GHz. The theoretical linewidth without any defects would be 1.7 GHz, but
due to mirror imperfections and non perfect mirror parallelism a resulting linewidth of
2.7 GHz was measured which corresponds to an effective finesse of Feff = 18.5. The peak
transmission was measured to be 88%. Figure 4.6 shows the simulated transmission of
the OPO output modes through a filter setup consisting of the two filters.
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Figure 4.6.: (a) Simulated transmission of the OPO output modes through the filter
setup. The black line shows the OPO spectrum within the phase-matching
envelope while the blue line follows the calculated transmission of the small
etalon. (b) Enlargement of the central OPO mode. The red line shows the
measured transmission of the multi-pass etalon. The peak transmission was
set to 1 for all filters in order to simplify the diagram.
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For simplification, in the simulation the peak transmission of each filter was set to
one. The experimental setup including both etalons is shown in figure 4.7. With both
etalons in place a peak total transmission of 50% was measured showing only a small
reduction compared to the theoretical maximum of 57% with the two particular filters.
The reduction is mostly caused by a non-perfect beam shape behind the first etalon
limiting the performance of the second etalon. Other effects like parasitic etalons were
reduced as far as possible using AR coated surfaces and appropriate separation of the
instruments.
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Figure 4.7.: Experimental setup for single-mode operation of the OPO. The signal field
is filtered using two consecutive Fabry-Pérot etalons, see text.
In order to scan the OPO output using both etalons, they need to be scanned jointly.
Due to different required voltage ramps and non-linearities, caused for example by hys-
teresis, this is not a trivial task. Using two simultaneously triggered arbitrary waveform
generators a mostly linear scan across a few GHz was possible. However, due to non-
perfect alignment of the two etalons the transmission was mostly constant for a range
of below 1 GHz only. However, as such a combined filter is normally not operated in
scanned mode but with a fixed central wavelength, this is not a problem for the further
experiment. Figure 4.8 shows the result of several performed scans of the OPO photons.
The peak positions remain constant to< 300 MHz, and the OPO FSR is clearly visible.
To further study the OPO output, an additional filter built from a heated Cs vapor cell
was used together with the two-etalon filter (shown as black curve in figure 4.8). As the
master laser for the whole experiment is locked to a Cs transition, one of the OPO lines is
expected to be spectrally located just at the position of this Cs transition. Accordingly,
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Figure 4.8.: Scan of the combined 2-etalon system over ∓2 GHz around the 62S1/2(F =
3) → 62P1/2(F ′ = 4) Cs133 transition. The black (red) dots show mea-
surements with (without) the Cs absorption cell in place. The grey area
represents the width of the Doppler-broadend Cs transition at the adjusted
cell temperature of 40 ◦C. The top figure shows fitted peak positions of
several scans, the bottom figure shows one scan exemplarily. The different
OPO modes separated by one FSR of the OPO cavity are clearly visible, the
FWHM of the peaks of ∼ 130 MHz is largely determined by the width of the
multi-pass etalon. The variations in peak height are caused by non-perfect
etalon alignment resulting in non-constant etalon transmission during the
scan. The central mode is fully absorbed by the Cs atoms as expected (black
curve).
this spectral mode is fully absorbed by the Doppler-broadened Cs transition, which has
a width of around 380 MHz. This corresponds exactly to the measurement, where the
side-peaks remain unchanged while the central peak is fully absorbed. The measurement
proves that the combined filter fully suppresses all but one spectral modes of the OPO,
i.e., the output field is indeed single mode.
4.2.1. Doppler-free saturation absorption spectroscopy
In order to measure the exact frequency of the OPO photons, a Doppler-free saturation
absorption spectroscopy setup can be envisioned. Such a setup would consist of a glass
cell filled with isotopically pure 133Cs and two counter-propagating laser beams, a probe
and a pump beam. The OPO idler photons could be used as probe beam, whereas for
the macroscopic pump beam the master laser could be used. Two AOMs could detune
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the pump laser around the Cs transition.
Although the required setup is in principle straightforward, the experimental realiza-
tion is challenging due to excess noise from the intense pump light on the single-photon
detector that is required for detecting the OPO photons. First tests showed that, even
though probe and pump beam are counter-propagating and although a very high-quality
polarization filter was used to suppress the pump light in front of the detector, it is not
possible to use the required pump power in such a setup. The resulting stray light, e.g.,
from back-reflections from the cell windows in spite of AR coating, would even destroy
the single photon counting APD (> 10 × 106 counts/s). However, it is possible to per-
form such measurements if temporal filtering is used. This was tested with an AOM
that regularly switches the pump light on and off together with a push-pull control of
the APD gate, the experimental setup is shown in figure 4.9.
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Figure 4.9.: Doppler-free saturation absorption spectroscopy setup with temporal filter-
ing. Master laser (here: probe laser) and coupling laser (here: pump laser)
are counter-propagating through a magnetically shielded Cs cell. A Wol-
laston prism (WP) is used to combine the beams and filter pump light
which might be accidentally reflected at the cell window. The pump laser is
switched by an AOM, it is further blocked in front of the detector by spatial
filtering using a single-mode fiber. A gated APD detects the probe light
behind the cell.
Figure 4.10 shows the optimized timing control signals which were found in experi-
mental pre-studies using attenuated light from the master laser as probe light instead of
the OPO photons. The timing was optimized with respect to all relevant experimental
parameters, i.e., adequate signal-to-noise ratio of the probe laser modulation through
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absorption spectroscopy, low detector noise caused by the coupling laser, and a required
probe power as low as possible. It accounts for AOM rise/fall times and APD gating
death times.
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Figure 4.10.: Timing control for single-photon spectroscopic measurements. The red line
shows the control signal for the AOM which switches the pump laser, the
black line is the APD gate control signal. The small dip in the AOM signal
is caused by the electronics, it does not affect the pump laser amplitude.
With this optimized timing configuration Doppler-free absorbtion spectroscopy mea-
surements were possible with a minimum probe intensity in front of the cell of around
1.5 × 105 counts/s. A peak transmission of 30% through the cell was measured with a
time-averaged pump intensity of 0.55 mW, as shown in figure 4.11.
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Figure 4.11.: Scan of the pump beam around the 62S1/2(F = 3)→ 62P1/2(F ′ = 4) Cs133
transition frequency in a Doppler-free absorption spectroscopy setup using
temporal filtering. The peak was fitted with a Lorenzian, the FWHM is
40 MHz. The background is frequency dependent due to scattering of pump
light in the Cs cell.
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The scan in figure 4.11 was performed by modulating the laser current of a free running
laser. The probe beam had an intensity of only 1.5×105 counts/s (∼ 4.3×105 photons/s),
it was frequency locked to the 62S1/2(F = 3) → 62P1/2(F ′ = 4) Cs133 transition. The
peak FWHM is 40 MHz, but it can be expected to be narrower if a frequency locked
pump beam is used which can be scanned by two AOMs.
This measurement can be regarded as proof-of-principle demonstration of Doppler-free
saturation absorption spectroscopy measurements utilizing OPO photons. It should be
extended by two AOMs for scanning of the pump laser instead of a free running laser
that was scanned by current modulation, as it was used in this test experiment. This
improvement should further reduce the FWHM of the peak. Although a very low probe
intensity was used, the Doppler-free transmission peak is clearly visible in figure 4.11.
If used in combination with coincidence detection of signal and idler photons in an
appropriate coincidence window of 200 ns length and with signal photon filtering using
both etalons as shown above in figure 4.7, a signal-to-noise ratio around 1.5 times higher
can be expected. This means that absorption spectroscopy with single OPO photons
as probe beam should be possible if appropriate components (AOMs) for frequency
scanning of the pump beam are available. Such an experiment will be performed in the
near future.
4.2.2. Discussion and short summary
Single-mode operation of the OPO using two etalon filters was shown. Without scan-
ning, the filters are stable for hours and an excellent total transmission of 50% was
reached. The combined filters allow triggering of a measurement system only if an idler
photon of a specific spectral mode is present. Due to the energy conservation during
the down-conversion process, it can be expected, that the corresponding signal photon
wavelength is sharply defined as well. This would allow triggering of storage experiments
exactly when a spectrally compatible signal photon is present. Alternatively, the filtered
photons could be used as single-mode single-photon source for other experiments. In
the future, further studies of the single-mode single photons are planned with regard to
photon statistics and correlations of signal and idler photons filtered with two individual
filters. A second double-pass etalon whose FSR is already sufficient for filtering of OPO
photons was already built. A very interesting experiment would be to perform coinci-
dence measurements between different combinations of signal and idler spectral modes.
One can expect to find strict correlations between the spectral modes [123] and possibly
extend this to studies of multi-mode entanglement [124].
In addition, it was shown that the central wavelength of the single-mode photons
is in the interval of the Doppler-broadened Cs transition, which is a prerequisite for
later experiments involving a (quantum) interface between OPO generated photons and
atoms. Although the fluctuation of the peak position in the scanned measurement is
mostly caused by the limited performance of the joint-scanning electronics, for in-depth
studies of the spectral properties of the OPO modes the transmission width of the
multi-pass etalon is too broad. A solution would be to combine the filtering with a
Doppler-free Cs spectroscopy setup to study spectral parameters of the OPO photons
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with MHz resolution. Pre-studies for such an experiment were already performed and
the realization will certainly be possible in the near future.
4.3. Ultranarrow bandwidth spectral filtering for long range
free-space quantum key distribution at daytime
As already mentioned in the beginning of this chapter, spectral filtering of single photons
is important for several tasks in quantum optics. In particular, the ability to work with
very narrow-band single photons paves the way to other interesting applications. This
shall be exemplified here in the field of quantum key distribution (QKD) [20].
4.3.1. Introduction
In quantum information technology QKD stands out as the first true application. Several
fiber or free-space links have been realized [44, 45, 125–127], and today it is possible to
link distances of > 100 km and build QKD networks [128]. However, due to losses in
optical fibers the length of fiber based links is limited. Quantum repeaters (see chapter 8)
might be a possible solution but the experimental realization of a long range repeater-
supported QKD link is still far away. Recently, satellite based QKD implementations
have gained much attention as they would allow to bridge global distances [129, 46] with
a single link, mainly due to the fact that most of the propagation path is in empty space
with no absorption. Only a small fraction of the path (corresponding to less than 10 km)
is in atmosphere where the photons undergo absorption and turbulence-induced beam
spreading. While geostationary satellites are too distant to implement a single-photon
link, several proof-of-principle experiments have been performed, showing that QKD
links to low-earth-orbit (LEO, from 500 to 2000 km above earth surface) satellites are
possible [130, 131, 45, 132]. The feasibility of a single-photon down-link from a LEO
satellite was also demonstrated [133]. Bonato et al. presented an analysis of different
aspects of QKD between a LEO satellite and a ground station [46], showing among
others the great advantage of a downlink over an uplink with regard to link-efficiency.
This is mainly caused by beam displacement in the atmosphere induced by turbulent
eddies. In the uplink the beam first travels through the turbulent atmosphere and then
propagates, aberrated, in the vacuum to the satellite. The initial atmosphere-induced
aberrations greatly increase the beam spreading, resulting in a very strong attenuation
for a given receiver telescope size. For a relatively low satellite, at 500 km above the
earth surface, the attenuation is of the order of more than 50 dB. On the other hand, for
satellite downlinks the beam arrives at the atmosphere with a size much larger than any
turbulent eddy, therefore there, is no significant beam wandering. Moreover, the beam
propagates through the turbulent atmosphere only in the final part of its path, resulting
in a reduced beam spreading compared with the uplink and hence an attenuation of the
order of around 15 dB only. Consequently, proposed projects for space-based QKD [134]
aim at distributing an entangled two-photon state from space to two receivers on earth
which, among other experiments, would allow to establish a QKD link between the two
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receiver positions, as shown in figure 4.12.
Node A Node B
Satellite
Classical link
Entangled 
photon pair
Figure 4.12.: Proposed experiment for distribution of entangled two-photon states from
space to two receivers on earth (Node A,B). The received photon states
would allow fully secure communication between the nodes over a classical
channel.
In spite of the progress already made, most free-space QKD experiments are limited
by the fact that they work at night-time only, due to stray light leading to detector noise
during daylight operation. In fact, the two crucial points for any communication system
are the amount of attenuation of the link and the noise introduced into the system.
This is even more important for quantum communication, since the signal transmitted
is ideally one photon, and one cannot increase the signal power in order to have a good
enough signal-to-noise ratio (SNR). The only available tools are the reduction of the
link attenuation and of the background noise. SNR calculations in reference [46] show,
that for a link distance of 500-2000 km (i.e., LEO satellites) the SNR is greater than
one only at night-time. On the other hand, due to the high signal attenuation key rates
are usually very low [131] meaning that long key generation times are required. Being
able to perform QKD during all times of the day, i.e., also with additional noise photons
from daylight, is therefore an advantage. The relative brightness of a clear day typically
increases by three orders of magnitude compared to a night with a full moon [135].
Both, the above theoretical considerations and the experimental realizations rely al-
ready on several filters to suppress stray light, namely spatial filtering, temporal filtering,
and spectral filtering. Potential further improvement for the first two filtering techniques
is limited, due to refractive index inhomogeneities induced by atmospheric turbulences
causing beam wandering and spreading. In contrast, spectral filtering is not pushed to
the limit yet, the filters used so far have a spectral transmission FWHM as broad as 0.15
to 10 nm.
4.3.2. Etalon performance in a QKD setup
To demonstrate the advantage of a multi-pass Fabry-Pérot etalon in this context, the
effect of an additional filter on the potential performance of a long range free-space QKD
setup was calculated. The calculations were based on the following requirements: For
acceptable key rates, e.g., with state-of-the-art decoy-state based QKD setups [23, 136,
137], the overall attenuation of the quantum channel should not much exceed 30 dB [131].
As today’s long range QKD setups work with an overall attenuation of already 25 −
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30 dB [45], any additional damping by the filter should be as low as possible. Other
requirements, namely tunability and long-term stability are already met by the multi-
pass Fabry-Pérot etalon. Polarization preservation is desirable, otherwise several filters
may be needed in front of each detector when a polarization-based encoding is used. In
general, the etalon filter should be matched to the properties of the specific QKD setup.
The latter refers for example to the available photon source and timing resolution. The
filter FWHM should be of the order of a few 100 MHz to 1 GHz, i.e., ∼ 0.2 − 2 pm
at the relevant wavelength for transmission through the atmosphere, e.g., λ ≈ 800 nm.
To give an example: With a single-photon source of 1 GHz linewidth the etalon mirror
distance should be adjusted to 0.5 mm, i.e., FSR = 300 GHz.
At first, the transmission of photons from a LEO satellite needs to be simulated. For
a receiving telescope described as a circular aperture of radius R the link-efficiency η is
given by [46]
η = η0
(
1− e−2R2/w2LT
)
, (4.3)
with the long-term beam width wLT and an empirical factor η0 for detection efficiency,
pointing losses and atmospheric attenuation which can be found to be η0 ≈ 0.1 [129].
For a collimated Gaussian beam of waist w0, wLT is found to be [138]
w2LT = w20
(
1 + L
2
Z20
)
+ 2
( 4L
kr0
)2
, (4.4)
where Z0 = piw
2
0
λ is the Rayleigh range of the beam, L is the propagation distance and
r0 is the Fried parameter given by
r0 =
[
0.42k2
∫ L
0
C2n(z)
(
L− z
L
)5/3
dz
]−3/5
. (4.5)
This estimation in equation 4.5 is performed by integrating the turbulent contribution
of the atmosphere along the whole optical path. The refractive index structure constant
C2n can be found in reference [139] to be C2n(h) = 0.00594(v/27)2(h× 10−5)10e−h/1000 +
2.7× 10−16e−h/1500 +A ∗ e−h/100, where A = 1.7× 10−14 and v = 21ms−1.
Furthermore, the background noise for the downlink needs to be taken into account.
The noise power received by the telescope PN and the number of noise photons per
detector gating NPhoton can be expressed as follows [135]
PN = HbΩfovR2∆ν (4.6)
NPhoton =
PN∆t
EPhoton
, (4.7)
where Hb is the brightness of the sky background in Wm−2sr−1µm−1, Ωfov is the field
of view of the telescope in sr and R its radius. ∆ν is the bandwidth of the spectral
filter, ∆t the width of the detector time gate and EPhoton the mean noise photon energy
defined by ∆ν. Hb is strongly related to the weather conditions, typical values can be
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found in table 4.1 [140, 141].
Conditions Cloudy
daytime
Hazy
daytime
Clear
daytime
Full
moon
clear
night
New
moon
clear
night
Typical brightness Hb
(Wm−2sr−1µm−1)
150 15 1.5 1.5×10−3 1.5×10−4
Table 4.1.: Typical values for brightness of the sky background for different weather
conditions.
4.3.3. Results
The figure of merit for the QKD satellite downlink is its signal-to-noise ratio, including
the transmission TSignal (TNoise) of signal (noise) photons by the multi-pass Fabry-Pérot
etalon (see section 4.1.1), the number of noise photons per detector gating NPhoton and
the link-efficiency η
SNR = η
NPhoton
· TSignal
TNoise
. (4.8)
In reference [46] parameters for a real world scenario are provided which where then
combined with the measured parameters of our multi-pass Fabry-Pérot etalon. The
simulation includes a ∆ν = 1 nm bandpass filter for the incoming photons, ∆t = 1 ns
detector gating, an earth-based receiving telescope of 1.5 m diameter with field-of-view
0.016◦ for a 500 km down-link from a LEO satellite to earth. As shown in figure 4.13, the
simulation clearly demonstrates that such a filter brings daytime operation of satellite-
based QKD within reach. For example, with a transmitting telescope diameter dT =
30 cm during a clear day the SNR would be already around 4.8 dB.
In a real long range free-space application the beam undergoes spatial fluctuations and
wave-front distortion. Although for a satellite down-link one can expect these effects to
be lower than for an up-link or a long range link on earth’s surface [46], it should be
tested in such a setup whether they reduce the filter transmission. If so, the effect could
be compensated by using adaptive optics, as already shown in reference [142]. As a
simple test for the sensitivity of the instrument to wave-front distortion, a hot soldering-
iron was put below the beam in front of the filter [143], but no notable change in filter
transmission was observed.
4.3.4. Discussion and short summary
Simulations were demonstrated that show how a multi-pass etalon could enable free-
space quantum key distribution between low orbit satellites and earth due to a significant
increase of the signal-to-noise ratio of such a link. In this context the flexibility of
etalon based filters is again a great advantage, e.g., it allows fast and easy tunability
to compensate for Doppler shift of photons from moving satellites. All in all, it seems
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Figure 4.13.: Calculated SNR (in dB) of a satellite down-link over a distance of 500 km as
a function of background noise (i.e., ambient condition) and transmitting
telescope diameter. The simulation assumes the use of a receiving telescope
of dR = 1.5 m diameter with field-of-view 0.016◦ as used in satellite laser
ranging applications and includes experimental data from the etalon filter
characterization (section 4.1.1). In first approximation the SNR depends
only on the field-of-view and not on dR, because signal and noise pho-
tons change consistently if dR is changed. The dashed lines show typical
sky background intensities for different ambient conditions, the respective
values are from reference [135]. Without the added etalon filter during
daytime the SNR would always be below zero [46].
advisable to include such a filter in planned space-based QKD setups or long range
free-space QKD setups on earth.
In addition to the benefits here, such a filter might be a reasonable addition in situa-
tions where the quantum channel is implemented along with a conventional channel on
the same fiber or when multiplexed quantum channels are used [144]. Such a shared re-
source optical network infrastructure would be much more cost effective than dedicated
dark fibers for each single quantum channel. However, severe challenges arise because
of noise in the quantum channel, e.g., due to spontaneous Raman scattering from the
conventional channels. A multi-pass etalon-based filter might be well suited for noise
reduction, especially if very narrow-band single photons are used to realize the quantum
link.
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Part II.
Slowing and Reshaping of
Single-Photon Pulses in Atomic
Ensembles
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5. Towards Photon Storage in Atomic
Ensembles
Atomic ensembles are very promising candidates for storage of quantum information.
In addition to the single-photon source, a quantum interface between atomic and pho-
tonic systems is a significant part of the entire single photon storage experiment. This
building block will be described in the following second part of the thesis. The present
chapter provides basic concepts of such interfaces (5.1) together with a full theoretical
description of the particular effect of so-called electromagnetically induced transparency
(EIT) (5.2). A phased-locked laser system for EIT experiments is introduced (5.3) and
and some first experimental results are presented (5.4) and discussed (5.5). Finally,
the EIT effect is used as phase modulator (5.6).
Parts of this chapter (5.3, 5.4) were published in A robust phase-locked diode laser system
for EIT experiments in cesium, Appl. Phys. B 94, 429 (2009).
5.1. Quantum interfaces between light and atomic ensembles
Coherent interaction between photons and atoms has attracted much attention over
the last decades. The field is of particular relevance since it has been realized, that a
collective superposition state of many atoms can be utilized for this interaction. Thus,
a large collection of atoms, an atomic ensemble, can be efficiently coupled to quantum
light [145]. The simplest situation in which such coupling occurs is, when a particular
ground state is mapped onto two different exited states via two optical modes. It was
shown almost 15 years ago, that if the optical modes posses quantum entanglement and
the light is absorbed by the atomic ensemble, the quantum entanglement can be mapped
on a collective superposition of the two final states of the atom [146]. It turned out that
not only in this case but for all types of quantum interfaces between atomic ensembles
and light known up to now, a large resonant optical depth d 1 is the most significant
requirement.
Research on coherent interaction between photons and atomic ensembles is motivated
on one hand by quantum information processing, where the ability to map quantum
states between light and matter is crucial. Proposals and first demonstrations concerned
quantum memories as fundamental building blocks of quantum repeaters [17] and pho-
ton storage for more advanced quantum networks [18]. Even for short storage times,
using atomic systems for storage (e.g., instead of a fiber-based delay line) has the advan-
tage that they are able to provide retrieval on demand. This feature is also utilized in
deterministic sources of single photons and entangled photon pairs, that were proposed
61
5. Towards Photon Storage in Atomic Ensembles
and demonstrated previously [17, 70] and that are needed in linear optics quantum com-
puting [24]. On the other hand, tailoring the optical properties of matter by coherent
preparation establishes very long optical delay lines [147] and tremendously enhances
non-linear coefficients [148].
A gas cell containing alkali atoms at room temperature is one of the simplest atomic
ensembles available in the laboratory. Nevertheless, it can work very well as quantum
memory. Most of the experiments demonstrated so far utilize a Λ-type level schema in
such alkali atoms (see figure 5.1). Typically, a weak probe beam is sent into an ensemble,
which is optically pumped by a much stronger coupling beam. If both probe and coupling
beam are off-resonant, a coherent Raman transition is introduced in case the two-photon
resonance condition is met. On condition that probe and coupling beam are nearly
resonant the phenomenon of electromagnetically induced transparency is observed.
5.2. Electromagnetically induced transparency in cesium vapor
5.2.1. Brief review of EIT
Since its first demonstration in 1991 by Harris et al. [63], EIT has attracted much
attention, and its capability to slow down [147] and even stop light [66] was shown. In
2001, an EIT based setup for light storage in atomic vapor at room temperature was first
demonstrated [71, 65]. Storage times of up to 0.5 ms have been reached. In the meantime,
even single photons have been stored in such setups [69], but with shorter storage times
on the order of a few µs. EIT can also be utilized for all-optical control of amplitude and
phase of a light pulse down to the single photon level. Such a control facilitates loading
of single photons into an optical cavity in quantum interfaces [15] or their storage in an
atomic ensemble [72]. Cross-phase modulation on the single photon level mediated by
EIT [149, 150] is important for establishing optical quantum gates [151]. Both regimes
can be described within a common theoretical framework applicable for any Λ-type
system [152]. More details will be given in section 5.2.2. Most of the EIT experiments
so far have used rubidium atoms [71, 72]. Cesium, however, offers certain advantages,
e.g., the F = 3→ F = 4 hyperfine ground state clock transition allowing the realization
of all optical atomic clocks [73]. The 133Cs D1-line at 894nm (see figure A.1 in the
appendix) lies well within the wavelength regime of exciton emission from InAs quantum
dots [74], which is relevant for possible coherent interfaces between atomic and solid-state
systems [75]. Details of EIT experiments using Cs will be demonstrated in section 5.3.
Very recently, Reim et al. [76] demonstrated coherent storage and retrieval of sub-
nanosecond low-intensity (several thousand photons) light pulses with spectral band-
widths exceeding 1GHz by utilizing a far off-resonant two-photon Raman transition.
In this experiment cesium provided the advantage of smaller Doppler linewidth, i.e.,
∼ 380 MHz in 133Cs compared to ∼ 540 MHz in 87Rb at room temperature, and larger
hyperfine splitting of 9.2 GHz and 6.8 GHz, respectively. The latter sets a limit to the
maximum storage bandwidth. In spite of the potential advantages there have been no
experiments so far on the single photon level with cesium vapor, for the most part be-
cause of the problem to filter the strong coupling beam. This problem was overcome in
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this work, and EIT experiments on the single photon level will be described in the next
chapter 6.
5.2.2. Theoretical background
In this thesis the focus is on EIT in cesium vapor in a gas cell at room temperature. The
used level schema of the D1-line in 133Cs is Λ-shaped. It is displayed in Figure 5.1 and
consists of the two hyperfine levels of the 62S1/2 ground state and of the 62S1/2(F = 4)
level. The two ground state levels |b〉 and |c〉 are coupled via dipole-allowed transitions
to the common excited level |a〉 by a coherent coupling field of Rabi frequency Ω and by
a weak probe field of Rabi frequency α, respectively.
In case of homogeneous broadening EIT can be achieved if the intensity of the cou-
pling laser is larger than the product of the decay rates of the coherence between the
lower level γbc and the homogeneous linewidth γ. It can be shown, that in case of an
inhomogeneous broadened system, e.g., in case of Doppler-broadening relevant for 133Cs
at room temperature, EIT can still be achieved if Ω2  γbcγ [153].
Coupling laser
Ω
6 P
2
1/2
6 S
2
1/2
Probe laser
α
F=4
F=3
F=4
a
c
b
γγ
γbc
Figure 5.1.: Parts of the 133Cs D1-line form a Λ-shaped three level atomic system. The
upper level |a〉 decays to |b〉 and |c〉 with a decay rate γ. The relaxation rate
between the lower levels is called γbc.
Optical Bloch equations The theoretical description of the system is based on the
atom-field interaction Hamiltonian
H = ~ωa |a〉 〈a|+~ωb |b〉 〈b|+~ωc |c〉 〈c|−hαe2piiνpt |a〉 〈b|−hΩe2piiνct |a〉 〈c|+H.c. . (5.1)
Here, ~ωx (x ∈ {a, b, c}) is the energy of the corresponding atomic level and νc and νp
are the laser frequencies of coupling and probe field. Using the Liouville equation
ρ˙ = − i
~
[H, ρ]
time evolution is described. In order to account for incoherent processes like damping
or dephasing, one makes use of the master equation formalism including the coupling to
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a reservoir in thermal equilibrium [154]. The equations of motion for the density matrix
elements in a rotating frame are then given by the optical Bloch equations [155]
ρ˙ab = − (iωab + γab) ρab + iαe−2piiνpt (ρbb − ρaa) + iΩe−2piiνctρcb
ρ˙ac = − (iωac + γab) ρac + iΩe−2piiνct (ρcc − ρaa) + iαe−2piiνptρbc
ρ˙cb = − (iωcb + γbc + γdeph) ρcb + iΩ∗e2piiνctρab − iαe−2piiνptρca
ρ˙aa = −γaρaa + iαe−2piiνptρba − iα∗e2piiνptρab + iΩe−2piiνctρca − iΩ∗e2piiνctρac
ρ˙bb = −γbcρbb + γbcρcc + γabρaa − iαe−2piiνptρba + iα∗e2piiνptρab
ρ˙cc = −γbcρcc + γbcρbb + γacρaa − iΩe−2piiνctρca + iΩ∗e2piiνctρac
with γab = γac = γ+ 1γbc2 ). Here the following assumptions apply: (1) the decay rates of
the transitions |b〉 ↔ |c〉 are equal (γbc = γcb), which is generally the case because this
decay is determined by the time of flight of the atoms through the interaction region;
(2) all other dephasing mechanisms are summarized in the dephasing term γdeph that is
later handled as a fit parameter; (3) co-propagating coupling and probe lasers as well as
a frequency difference between the transitions (|a〉 → |b〉) and (|a〉 → |c〉) that is small
enough to ignore the residual Doppler-shift.
Applying the rotating wave approximation [154] a stationary solution of the optical
Bloch equations is obtained by assuming ρ˙ ≡ 0 and normalization Tr (ρ) = 1. In case of
a weak probe field the calculations can be limited to the first order in the Rabi frequency
of the probe field α. The absorption of the probe field is then governed by the first-order
solution of the off-diagonal density matrix element ρab. In the steady state this can be
found to be
ρ
(1)
ab =
−iα
(γab + i∆ab)(γbc + γdeph + i∆bc) + Ω2
·
[γbc + γdeph + i∆bc(ρ(0)aa − ρ(0)bb )+
Ω2
γac − i∆ac)(ρ
(0)
cc − ρ(0)aa )]
(5.2)
with the detuning terms ∆ab = (ωa − ωb) − νp, ∆ac = (ωa − ωc) − νc, and ∆bc =
∆ab −∆ac = ∆cb.
Susceptibility Now, from equation 5.2 the susceptibility can be calculated [156, 157]
χ = η
{
ρ
(1)
ab
α
}
with η = 38pi2NCsγaλ
3
ba (5.3)
with NCs being the density of the Cs gas, γa the total decay rate of the excited state
and λba = c(ωa−ωb) the wavelength of the probe laser transition.
As the experiment is performed at room temperature, Doppler-broadening needs to be
accounted for. This can be achieved by convoluting the susceptibility with the velocity
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distribution of the moving atoms
χ = η
∫
d(−→v −→k )f(−→v −→k )ρ
(1)
ab (
−→v −→k )
α
. (5.4)
The velocity distribution can be approximated by a Lorentzian distribution [153, 158]
with the Doppler-linewidth ∆wD
f(−→v −→k ) = 1
pi
∆wD/2
(∆wD/2)2 + (−→v −→k )2
(5.5)
in order to obtain analytical results for χ. To describe atoms with the velocity −→v ,
the substitutions ∆ac → ∆ac + δ, ∆ab → ∆ab + δ and ∆bc → ∆bc with δ := −→v −→k are
performed in ρ(1)ab , and ρ
(0)
ii . Now equation 5.4 can be solved by contour integration in
the complex plane.
Using the definition of the complex index of refraction n˜ = n − i κ with extinction
coefficient κ and using χ = n˜2 − 1, one finds Im [χ] = Im [n2 − κ2 − 2inκ− 1]. Since
n ∼= 1 in dilute vapor, Im [χ] ∼= −2κ follows, which allows the transmission T to be
calculated using the absorption coefficient αEIT = 2piλba Im [χ] [101] and the length of the
gas cell LCs
T = e−αEITLCs . (5.6)
It can be further shown, that the width of the transparency window is scaling with
∆νDoppEIT ∼ Ω2/∆wD in the case of Doppler broadening instead of ∆νEIT ∼ Ω2/γa for a
gas at absolute zero temperature [155].
According to reference [159] dispersive properties like the index of refraction
n ∼ Re [1 + χ] 1 (5.7)
or the group velocity
vg = Re
[
c− ν ∂(1+χ)∂k
(1 + χ) + ν ∂(1+χ)∂ν
]
can be calculated. The first summand in vg accounts for frequency dispersion, the second
is attributed to spatial dispersion. Experimentally, the EIT caused pulse delay in Cs
τEIT cell will be studied,
τEIT = LCs
(
1
vg
− 1
c
)
. (5.8)
The dependence of absorption and index of refraction on probe laser detuning is
simulated in figure 5.2 using equations 5.6 and 5.7. In the figure the solid line gives
the situation for a coupling laser of Rabi frequency Ω = 0.5 MHz while the dashed
line shows the situation without a coupling laser for reference. Figure 5.2(a) shows the
absorption coefficient, the transparency window is visible only in the presence of the
1Due to the definition of the Rabi frequencies no additional factor 2pi is required.
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coupling laser. Figure 5.2(b) exhibits the corresponding index of refraction with a steep
slope if the coupling laser is applied.
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Figure 5.2.: (a) Absorption and (b) index of refraction around the probe laser transition.
The absorption shows the typical feature of high transmission on resonance
while the index of refraction exhibits a steep slope as required for low group
velocities. The dashed lines show the situation without coupling laser for
reference.
5.3. Laser source for EIT experiments
Several parts of the whole experiment have been described already in previous chapters.
The master laser for the EIT experiment is the same as for single-photon generation,
here it is used as probe laser. However, another external-cavity diode laser (Toptica
DL100) is needed as coupling laser for EIT. This second laser employs also a Littrow
configuration [97, 98] to reach an intrinsic linewidth of a few 100 kHz and provides
around 20 mW of single-mode output power. Consistent with the 133Cs D1-line the two
lasers operate at around 894 nm. To obtain a stable frequency reference for the whole
experiment, the master laser is again stabilized to the 62S1/2(F = 3) → 62P1/2(F ′ =
4) hyperfine transition by Doppler-free frequency modulation spectroscopy (FMS), as
described in detail in section 3.2.1. To stabilize the coupling laser wavelength relative
to the master (probe) laser, an optical phase-locked laser system was built.
5.3.1. Optical phase-locking
Optical phase-locked laser systems have been studied for many years. Pioneering work
was done in the 1960s using He-Ne lasers [160, 161] and was considerably extended in
the 1980s [162]. Phase-locking of Nd:YAG lasers can today be realized routinely with
a very low residual phase-noise in the order of 1 µrad [163]. However, phase-locking of
diode lasers requires significantly more effort. Due to their high reliability and low cost
diode lasers are favorable, especially when lasers operating at a particular wavelength,
like an atomic resonance frequency, are needed. The quality of the phase-lock of two
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lasers propagating in a medium limits the degree of coherence prepared. Besides the
EIT experiment described here, coherence is required for many other novel applications
ranging from coherent beam combining [164] to atom interferometry [165].
Generally speaking, an optical phase-locked loop (OPLL) consists of an optical slave
oscillator (laser), whose output is phase-compared with the output of a master oscillator
(laser) by a phase detector. The phase detector’s output is proportional to the phase
difference between the two oscillators. This phase-error signal is low-pass filtered and
used to control the frequency modulation of the slave oscillator. In a heterodyne OPLL
the phase difference of two lasers with different wavelengths is locked to a stable reference
phase from a local oscillator. Therefore, the heterodyne OPLL is often called frequency
offset-locked loop.
Although several descriptions of phase-locked laser systems can be found in the liter-
ature, these systems often have special features, for example tens of gigahertz scanning
range [166], that make them over-engineered for an application where just two fixed or
only minor tunable wavelengths are required. Other implementations often use a combi-
nation of digital and analog phase detectors [167] leading to more complex systems and
more potential sources of phase-noise.
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Figure 5.3.: The probe laser (master) is stabilized using a frequency modulation spec-
troscopy (FMS) setup. An OPLL locks the coupling laser to the probe laser:
Both lasers are superimposed on a fast photo diode (PD), the beat-note is
amplified and mixed down with a microwave signal source. A phase fre-
quency detector (PFD) detects the phase difference between the beat-note
and another 70 MHz local oscillator. This phase error signal is used to
control the coupling laser using a 3-path feedback loop.
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In order to provide a stable coupling laser resonant with the 62S1/2(F = 4) →
62P1/2(F ′ = 4) hyperfine transition (see figure 5.1) and minimal phase fluctuations be-
tween coupling and probe laser, the coupling laser is offset frequency-locked to the probe
laser with a frequency offset of exactly 9.19263177 GHz, which represents the frequency
splitting between the 62S1/2(F = 3) and 62S1/2(F = 4) energy level in 133Cs. As shown
in figure 5.3, around 1 mW of power is split off of both lasers and is superimposed on
a fast photo diode (Alphalas UPD-IR2, bandwidth 10 GHz) to generate the beat-note
frequency between the two lasers. This signal is amplified by 50 dB using two GaAs
18 GHz amplifiers (DA-LightCom) and mixed down using a ∼ 9.12263177 GHz local
oscillator (Work SSG-10) and a fast mixer (Mini-Circuits ZMX-10G). Part of the mixer’s
output signal is used to monitor the beat-note with a spectrum analyzer. The main sig-
nal feeds a digital phase/frequency detector after a 190 MHz low-pass and amplification
by another 25 dB (MiniCircuits ZFL-500). The detector (Hittite HMC439QS16G, avail-
able in a small module with matched I/O signal lines) has an ultra-low single-sideband
phase-noise of -153 dBc/Hz@10 kHz and 0.01 − 1.3 GHz input frequency. It generates
a 2 Vpp output signal representing the actual phase difference between its two input
ports. A second 70 MHz local oscillator (Novatech Instruments DDS409A) is used as a
reference and is connected to the second input port. The two oscillator frequencies sum
up to the exact frequency difference between the 62S1/2(F = 3) and the 62S1/2(F = 4)
energy level. All oscillators are electronically phase-locked to a 10 MHz reference signal
produced by a low-noise analog signal generator (Agilent E8257D), which leads to an
absolute accuracy of the order of 10−8 for the reference signal, i.e., ∼100 Hz for the
total offset frequency. This value could easily be decreased if necessary with a better
frequency standard, e.g., by using a GPS disciplined oscillator.
5.3.2. Filter electronics
Several filters are used to close the feedback loop and control the coupling laser frequency
by the phase-error signal. Three feedback paths are combined to compensate for slow,
medium, and fast laser frequency fluctuations. The slow feedback path is established
using a piezoelectric actuator that tilts the diffraction grating inside the laser head.
The path has a bandwidth of around 1 kHz and is capable of compensating for slow
frequency fluctuations and drifts. The medium and fast feedback paths both modulate
the injection current of the laser diode. Injection current modulation leads to carrier
density modulation and temperature change effects that induce frequency modulation.
The medium path uses a field-effect transistor mounted parallel to the laser diode to
modulate the current. Depending on the modulation signal a part of the DC current
bypasses the laser diode. The bandwidth of this path is several MHz, and it allows
current changes in the order of 2 mA leading to frequency changes in the order of several
GHz. The fast path uses a Bias-T to directly modulate the diode current. Its elec-
tronic bandwidth reaches from ∼300 kHz up to over 100 MHz, although the modulation
depth considerably decreases for higher frequencies above a few MHz [168]. Still, this
path allows to compensate for very fast frequency fluctuations with small amplitudes.
Simulations show that the phase error variance σ2φ is approximated by the sum of the
68
5.3. Laser source for EIT experiments
linewidths ∆νM and ∆νS of the master and slave laser divided by the feedback loop
noise bandwidth [169]
σ2φ =
2(∆νM + ∆νS)
Bw
. (5.9)
The combined linewidth of the two lasers is of the order of 500 kHz. Therefore, to reach
an aimed phase error variance σ2φ < 0.1 rad2, a minimum feedback loop noise bandwidth
of ∼10 MHz is required.
Figure 5.4 shows an overview of the electronic realization of the phase detector and
the loop filters together with the relevant filter parameters and the approximate overall
attenuation of each path, which proved to be sufficient for our laser system. The indi-
cated parameters depend on the characteristics of the specific laser system, Bias-T, and
supporting electronics.
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Figure 5.4.: The phase/frequency detector (PFD) compares the amplified beat-note sig-
nal (BN) and the local oscillator frequency (LO). Its output is used to drive
three feedback paths via appropriate loop filters. The loop filters consist
of a high pass (HP), two flexible proportional integral filters (PI), several
amplifiers/attenuators and two simple phase advance circuits (PA).
The filters in the medium and fast path were built with LMH6702 operational ampli-
fiers, the slow path uses an LF444 operational amplifier. It proved very useful to have
decoupled controller parameters, i.e., decoupled gains of the proportional and integral
terms [170]. The medium and fast paths are impedance-matched to 50 Ohm, and all
cables are kept as short as possible to reduce delays.
5.3.3. Phase-lock performance
To characterize the OPLL the spectrum of the beat-note signal between the coupling
and probe laser was measured, as shown in figure 5.5.
As discussed above, the performance of the feedback system is given by the phase-
noise variance of the OPLL. This can be calculated from the fraction of power contained
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Figure 5.5.: (a) Measured beat-note between the phase-locked probe and coupling laser
(resolution/video bandwidth=10 kHz). (b) Detail around the beat-note (res-
olution/video bandwidth=1 Hz).
in the beat-note signal [171] with
Ptotal =
∫ ∞
−∞
P (ω)dω (5.10)
being the integrated power spectral density over all frequencies and P (0) the power
contained in the beat-note signal. Following the procedure outlined in reference [171]
using the auto-correlation function of the electrical field and the Wiener-Khintchine
theorem, it can be shown that
P (0)
Ptotal
= exp(−σ2φ). (5.11)
As depicted in figure 5.5 (a), this fraction was measured to be 98.4%, i.e., a resid-
ual phase-noise variance of σ2φ < 0.02 rad2 was achieved including the contribution of
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the local reference oscillator. This result is comparable or better than the previous
realizations [167, 166], although a digital-only phase detector was used.
5.4. First EIT experiments
In order to test the laser system and the agreement between theoretical simulation and
experiment, a first EIT setup was built using macroscopic probe powers, as shown in
figure 5.6.
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Figure 5.6.: First EIT setup. Coupling and probe laser are polarized and superimposed
by a Wollaston prism (WP). The polarization is changed to circular and
both lasers co-propagate through a magnetically shielded Cs cell. After the
polarization is transformed back to linear, a Glan-Thompson prism (GT)
filters the coupling beam behind the cell. Two photo detectors (PD) detect
the signal after the cell and the reference level.
Probe and coupling laser are both mode-cleaned by single-mode optical fibres, sub-
sequently superimposed and orthogonally linear polarized by a high quality Wollaston
prism. A quarter-wave plate (QWP) switches from linear to left and right circular po-
larization of the coupling and probe, respectively. Both lasers co-propagate through a
4 cm long glass cell of diameter 25 mm containing 99.99% isotopically pure 133Cs. The
number of interacting cesium atoms at a given temperature can be calculated via the
vapor pressure curve [157] and the beam waists in the respective measurement. In order
to minimize losses and the formation of parasitic etalons, the end facets of the gas cell
are AR coated for 894 nm. The cell is shielded against external magnetic fields, mainly
earth’s magnetic field, by 3 layers of µ-metal in order to suppress level shifts and de-
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coherence between the hyperfine ground states. The particular shield design attenuates
DC magnetic fields by a factor of ∼ 2× 105[172] resulting in a very small and negligible
residual line shift of ∼ 3.5 Hz per Gauss [157], i.e., around 1 Hz due to earth’s magnetic
field. Heating foil wrapped around the cell together with a homemade temperature
controller (based on a WTC3243 chip) allows to adjust the cell temperature between
25-80 ◦C. The long-term temperature stability was measured to be ±10 mK over 10 h.
Behind the Cs cell a second QWP transforms the polarization back to linear, and the
coupling laser is filtered by a Glan-Thompson prism. The two QWPs were produced at
the same time from the same piece of material which allows one QWP to compensate
for slight manufacturing inaccuracies of the other. Eventually, this setup reaches a
rejection of the coupling laser by 10−6 before detection. The probe laser is detected by
a homemade PIN diode-based DC coupled photo detector.
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Figure 5.7.: Full scans across the probe laser resonance on the cesium D1 line with-
out frequency offset look. (a) Absorption (blue) and EIT spectrum (black)
before optimization and probe laser transmission for reference. (b) Zoom
into the EIT peak. (c) Corresponding measurement after optimization of
relevant beam parameters. (d) Zoom into the improved EIT peak.
As first pre-study the EIT spectrum was obtained using this setup but without the
frequency offset lock for laser stabilization. Instead, this time the coupling laser was
itself frequency locked to the 62S1/2(F = 4) → 62P1/2(F ′ = 4) hyperfine transition in
the D1-line of 133Cs using the FMS. The probe laser was scanned by its external-cavity
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piezo across the 62S1/2(F = 3) → 62P1/2(F ′ = 4) transition. This is the only possible
measurement in this setup that shows the full well-known EIT spectrum, see figure 5.7.
Later measurements always use the frequency offset lock to optimize the results through
the use of phase-locked lasers, which, however, prevents such wide scan ranges as the
frequency offset lock is optimized for stability and for narrow scan ranges only.
The figures 5.7(a) and (b) provide a first visual proof of EIT with the characteristic
transparency window on the proper hyperfine line. After optimizing the parameters of
the two beams, namely polarization, beam profile matching, and collinearity, the EIT
transparency increased from only 0.32 to 0.52, as shown in figures 5.7(c) and (d).
To study EIT in detail and verify the theoretical description from section 5.2.2, the
laser configuration was changed and the frequency-stabilized and phase-locked lasers
were now used as coupling and probe laser. Two consecutive acusto-optical modulators
(AOMs) were utilized to scan the probe laser across the transition frequency without
loosing frequency stability. The two AOMs (Isomet 1205C) have a resonance frequency of
80 MHz. Both are used in double-pass configuration allowing a scan range of ±20 MHz
with intensity changes <10%. The application of two AOMs allows to scan around
zero detuning, i.e., one AOM is configured to increase the laser frequency, the other to
decrease it, which is necessary as the laser stabilization frequency and the EIT center
frequency are the same. To compensate for the remaining intensity changes due to the
AOMs, a reference detector in front of the EIT experiment is used to calibrate each
measurement. A multi-channel arbitrary waveform generator (Novatech Instruments
DDS409A) controls the two AOMs, and the whole experiment is computer controlled.
This allows to construct the EIT spectra step-by-step from hundreds of consecutive
measurements, each with an exactly adjusted probe laser frequency.
As a first test, the probe laser was scanned by ±20 MHz around the F = 3→ F ′ = 4
transition while the wavelength of the coupling laser was locked via frequency offset
lock to the F = 4 → F ′ = 4 transition. A probe laser power of 100 µW with a beam
diameter of ∼0.8 mm was used. The coupling power was 4 mW with ∼2 mm beam
diameter. The transmission signal was normalized without 133Cs frequency stabilization
by a ∼600 MHz detuned probe laser outside the Doppler-broadened transition. Several
scans of the probe laser across the 133Cs resonance were performed. Figure 5.8 shows the
results for different cell temperatures. The theoretical fits calculated using equation 5.6
are in excellent agreement, and it should be pointed out that the dephasing rate is the
only fit parameter because γab and γac are set to the spontaneous emission rate of the Cs
D1-line [157]. The coupling laser wavelength is assumed to be exact, i.e., ∆ac = 0, and
the decoherence rate is determined by time-of-flight broadening due to atoms moving in
and out of the coupling laser beam. It can be calculated using the Maxwell-Boltzmann
velocity distribution
γbc =
√
2kBTCs/MCs
4piw . (5.12)
Here, MCs denotes the mass of a cesium atom, TCs the temperature and w the mean
beam waist inside the cell. The dephasing rate is found to be γdeph = 75-110 kHz, as in-
dicated in figure 5.8. As expected, with increasing temperature and Doppler broadening
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Figure 5.8.: Scans across the probe laser resonance for cell temperatures between 40 and
60 ◦C. Measurements (black) are compared to theoretical fits (red curves),
where the dephasing rate γdeph is the only fit parameter.
the width of the transparency window drops and at the same time the opacity increases
due to higher cesium density.
5.5. Discussion and short summary
EIT on the cesium D1 line in atomic vapor with macroscopic probe power was demon-
strated. At first, an appropriate phase-locked laser system was described and the relevant
performance parameter, namely the residual phase-noise variance studied. With a phase-
noise variance of σ2φ < 0.02 rad2 the system was found to be comparable or better than
the previous realizations described in the literature [167, 166]. In elementary EIT stud-
ies it was then shown that the measured parameters of the EIT transparency window
are in excellent agreement with a theoretical approach based on a single free parame-
ter only. This parameter γdeph accounts for pure dephasing between the two hyperfine
ground states and is found to be γdeph = 75-110 kHz in this setup. There is a trend of
decreasing γdeph with higher cell temperatures which might be further investigated. The
FWHM of the transparency window is found to be 0.5-1 MHz. The experiment shows
the suitability of both, the theoretical description and the experimental setup for further
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and more advanced EIT experiments. All further experiments and simulations will be
based on these studies as the theoretical framework remains valid for ultra-low probe
intensities also.
5.6. EIT as phase modulator
In the EIT cell an amplitude modulation of the strong coupling field is transferred to the
weak, possibly single-photon probe field. Single-photon probe beam amplitude modula-
tions will be experimentally shown in chapter 6, but the modulation transfer in general is
also an outcome of the theoretical treatment in section 5.2.2. Besides an amplitude mod-
ulation of the probe, the EIT effect will also result in a cross-phase modulation. Some
preliminary studies were performed in order to investigate the influence of the coupling
laser on the probe laser phase under EIT conditions. To allow phase measurements
the experimental setup from figure 5.6 was extended by a Mach-Zehnder interferometer
around the EIT cell, as shown in detail in figure 5.9.
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Figure 5.9.: Details of the setup for EIT phase measurements. The Mach-Zehnder inter-
ferometer is stabilized by a counter-propagating auxiliary 850 nm laser using
a dichroic mirror (DM) and a feedback loop with piezoelectric elements in
one arm. The dashed line encloses a rigid setup of polarizing optics to close
the Mach-Zehnder interferometer and obtain an interference signal for active
arm-length stabilization, see text for more info. A single-mode fiber in front
of the photo detector ensures spatial mode matching of probe and reference
beam in order to increase the interferometer’s visibility.
In front of the EIT cell the probe laser is split into two components, one passes the EIT
cell and the other is used as phase reference. The interferometer is actively stabilized
using a mirror mounted on a piezoelectric element in the reference arm and a counter-
propagating auxiliary laser at 850 nm, i.e., far off-resonant from the coupling and probe
transitions. The auxiliary laser light was produced using another external-cavity laser
system (Toptica DLpro) with a typical linewidth of only 100 kHz and very low drift due
to ambient temperature changes ( 100 MHz/K) and good isolation against acoustics
and vibrations. As a result of the particular experimental configuration needed for the
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EIT effect, the auxiliary laser leaves its output port of the interferometer with different
polarization of its two parts which traveled the probe and the reference arm. Thus, in
order to measure interference some further optical components are required to separate
these two superimposed beams, change one beam’s polarization and superimpose them
again in front of a photodiode. To ensure that virtually no arm length fluctuations
occur in this part of the beam path, all optics are integrated in a small rigid aluminium
structure of ∼ 30 mm diameter. Using this configuration, arm length fluctuations of the
probe or reference arm directly result in changes of the interference signal detected by
the photodiode.
At first, the Mach-Zehnder interferometer itself was checked. Therefore, without the
EIT cell in place the reference arm of the interferometer was linearly scanned and the
interferometer visibility was studied by monitoring the probe laser interference at its
output port. As shown in figure 5.10, the visibility is very good, it was found to be
> 0.98.
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Figure 5.10.: Scan of the reference arm in the Mach-Zehnder interferometer. The blue
line shows the applied scan voltage, the black dots the measured interfer-
ence and the red curve a fitted sinus curve. The visibility is > 0.98.
Now, for EIT cross-phase modulation measurements the reference arm-length was ac-
tively stabilized using the auxiliary laser interference signal as reference. With active
stabilization the probe laser interference signal was found to be virtually constant. The
EIT configuration was established by adjusting coupling and probe laser frequency to
match their respective transitions while a continuous wave probe beam of 20µW and
2 mW coupling power was used. Behind the EIT cell the superimposed probe and refer-
ence signal was detected by a fast, low-noise photo detector (Hamamatsu C4777). The
EIT cell was operated at 54◦ C in order to increase the EIT transmission modulation
amplitude, albeit at the cost of lower overall transmission. Figure 5.11 (A) shows the
intensity at one output of the Mach-Zehnder interferometer under resonant EIT condi-
tions. A pronounced temporal intensity fluctuation is apparent. This fluctuation is only
present if the EIT cell is in place and a resonant coupling beam is present, as several
test measurements proved.
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Figure 5.11.: (A) Interference signal of the probe laser measured at one output of the
Mach-Zehnder interferometer (see figure 5.9) under resonant EIT condi-
tions. (B) Comparison of the Fourier transform of the signal in (A) (red
curve) with the normalized Fourier transform of the direct beat-note signal
between the coupling laser and the stabilized probe (black curve). The beat
note signal was obtained by down-mixing via a local oscillator of≈ 9.2 GHz.
A common broad spectral feature (see text) between 5MHz and 7MHz
is clearly visible. For comparison, the inset shows the normalized Fourier
transformation of the direct beat-note signal of the probe laser with itself.
The sharp features at 385 kHz and 930 kHz and at 7, 7.6, 8.2, 8.7 MHz are
attributed to the laser frequency stabilization electronics.
In order to gain further insight a Fourier transformation of the measured intensity
fluctuation signal was performed, which is shown as red curve in figure 5.11 (B). As
reference, a beat-note signal between the coupling laser and the stabilized probe laser
was measured using direct detection by a 10 GHz photo diode and down-mixing via
a local oscillator of ≈ 9.2 GHz. Its Fourier transformation is plotted as black curve in
figure 5.11 (B). The data for the red and for the black curve were recorded simultaneously
using two channels of a digital storage oscilloscope with 20M samples record length.
Thereafter, the Fourier transformation was performed on both data sets individually.
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It is apparent that both signals almost overlap, apart from a linear decline of the red
curve towards higher frequencies, which suggests a 3 dB bandwidth of 10 MHz for the
modulation observed in figure 5.11 (A). In particular, a characteristic broad frequency
component between 5MHz and 7MHz, which reflects a side-band produced by the
loop-filters in the phase-lock electronic, occurs in both curves. This measurement shows
that there is cross-phase modulation between the coupling and the probe laser [173], as
this characteristic broad frequency component is not present on the probe beam before
it passes the EIT cell, which is proven by a test measurement shown in the inset of
figure 5.11 (B). Here, the beat-note signal of the probe laser with itself is shown. It
was measured at the output of the Mach-Zehnder interferometer with the EIT cell being
removed, the characteristic frequency component between 5MHz and 7MHz is absent.
With a blocked coupling beam in front of the EIT cell the modulation is also not present.
It is important to note that the cross-phase modulation between coupling and probe
laser cannot be achieved by electronic modulation, e.g., by detecting the coupling laser
and feeding this signal on an EOM to modulate the probe field. However, a coherent
modulation mediated by EIT is required.
5.7. Discussion and short summary
Cross-phase modulation between coupling and probe laser was observed. Due to the
coherent nature of the modulation also non-classical correlations, e.g., as present in a
squeezed pump beam, can be transferred to the probe beam. Cross-phase modulation
is thus a possible tool to transfer quantum correlations between strong light beams and
weak beams, possibly single photons. Cross-phase modulations were proven through a
characteristic frequency component caused by the phase-locking electronics which mod-
ulated the coupling laser. Without EIT, this frequency component is present on the
coupling beam only, but it is visible as phase-modulation on the probe beam behind the
EIT cell as soon as the EIT effect occurs. Although selective and controlled phase manip-
ulations were prevented in these first experiments by the superimposed noise modulation
on the coupling beam, this can be overcome by a more stable laser source [174, 175].
In addition, using AOM [176] or EOM generated coupling laser sidebands as probe field
and a selective coupling beam modulation in front of the EIT cell instead of the two
separate phase-locked lasers might be a reasonable enhancement for this experiment.
A fast active coupling laser amplitude fluctuation compensation, e.g., by using another
AOM, might also be needed.
Whereas cross-phase modulation between weak, possibly single-photon fields were al-
ready discussed and demonstrated [149, 177, 150], it might also be possible to utilize
cross-phase modulation between a stronger coupling field and a weak, possibly single-
photon field. Possible applications may concern transfer of quantum correlations between
quadrature components of two strong beams to correlations between a quadrature com-
ponent of a strong beam and the phase of a single photon. An example would be to
use one arm of two entangled beams as coupling laser in an EIT configuration and to
map its amplitude fluctuation on the phase of a single photon using a Mach-Zehnder
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interferometer in the same way as shown in figure 5.9. Except for an additional de-
tector in the second arm of the interferometer the setup is similar to the one used by
Lobino et al. [178] for quantum tomography of a light pulse stored in 87Rb vapor. In
that paper an extra noise component of the stored and retrieved state was attributed to
the population exchange between atomic ground states of the EIT Λ-system while the
light was stored and the coupling field was switched off. Here, the effect of the coupling
field itself on the probe field was analyzed, and a combination of the two experiments is
certainly aspired.
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6. Single Photon EIT Experiments
In the previous chapter 5 the concept of EIT and basic experiments used to evaluate
the setup were demonstrated. In this chapter the study of EIT will be extended to the
single-photon regime. The challenging task of coupling beam suppression is discussed
and an EIT setup capable of working with a single-photon probe beam is introduced
(6.1). Subsequently, EIT with pulses on the single photon level are studied (6.2). The
results presented here are the first published EIT measurements in Cs vapor on the single
photon level.
Parts of this chapter were published in Electromagnetically induced transparency in ce-
sium vapor with probe pulses on the single photon level, Phys. Rev. Lett. 105, 153605
(2010).
6.1. Coupling beam suppression
In spite of the potential advantages of cesium compared to rubidium, there have been
no EIT experiments on the single photon level with cesium vapor, mostly because of
the problem to suppress the strong coupling beam. To allow detection of the probe
pulses on the single photon level while using a coupling laser power of a few mW, the
coupling laser needs to be suppressed in front of the probe detector by almost 12 orders
of magnitude. This is not possible with polarization filtering alone, as was done for the
experiments in chapter 5. Even with the very high quality polarization optics used there,
i.e., a Wollaston prism as polarization adjuster, two matched quarter-wave plates and
the Glan-Thompson prism as filter, the combined suppression of the coupling beam was
not higher than 55 dB. Although spatial filtering of the coupling beam by non perfect
overlap of probe and coupling beam can be supplemented, this is by far not enough.
Even for counter-propagating beams, as measured already in section 4.2, the remaining
noise on the probe detector is much too high and it would even be higher in the EIT
configuration with co-propagating beams. Therefore, spectral filtering is additionally
required even though probe and coupling beam are only separated by 9.2 GHz. In fact,
all three filter stages need to be combined, as shown in figure 6.1.
Supplementary to the already existing EIT setup spatial filtering with a single-mode
fiber and the triple-pass planar Fabry-Pérot etalon was employed. This etalon was
presented already in chapter 4. It has a measured peak transmission of 65% and a
suppression of off-resonant light by 46 dB. Due to the FSR of 17.4 GHz, the coupling laser
wavelength lies very well in between two transmission peaks which guarantees optimal
suppression. The coupling beam has a center frequency of approximately 335 THz, hence
the frequency difference between coupling and probe beam is only< 0.003% (∼ 9.2 GHz).
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Figure 6.1.: Setup for EIT experiments with a probe beam on the single photon level.
The setup from chapter 5 is extended by spatial filtering and the triple-
pass planar Fabry-Pérot etalon presented in chapter 4. In addition, several
neutral density (ND) filters are used to reduce the probe beam intensity in
front of the EIT cell. The probe detection is performed by an APD.
Nevertheless, the multi-pass etalon allows an extremely large suppression of the coupling
beam and thus makes single photon experiments possible. The contrast of the etalon
filter is 10− 15 dB better than that of other ultranarrow bandpass filters of comparable
peak transmission [114]. Also, the FWHM of the passband is much narrower than most
other filters. In addition, the etalon based filter is very flexible and adaptable to the
particular task. For example, filters based on absorption of an atomic transition, that
are often used in single photon experiments in combination with atomic systems [69],
are very narrow-band and have good transmission too but lack fast and easy tunability.
Furthermore, they are only available for a particular wavelength corresponding to the
specific atomic level schema. There is no suitable atomic system available for experiments
based on cesium, but only for experiments using rubidium.
In in our experiment the probe beam is attenuated by several orders of magnitude in
front of the EIT cell. Instead of a photo diode, a single-photon counting avalanche photo
diode module (APD) is used as detector behind all filters. The APD was placed in a
fully stray light isolated box which is connected free-beam to the output of the etalon.
The etalon itself is also fully isolated from stray light, and the beam is coupled into the
etalon by a single-mode fiber. Taken together, this reduces the detector dark counts to
100 counts/s which is the intrinsic dark-count level of the used APD.
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6.1.1. EIT with ultralow probe power
As first test of the setup, a frequency scan of the probe laser over the EIT resonance
was performed in the same way as in chapter 5, i.e., by modulation of the probe laser
wavelength using two consecutive acousto-optic modulators (AOMs) in double-pass con-
figuration and thus by computer controlled wavelength scanning. The measurement is
shown in figure 6.2, the characteristic EIT transmission peak is apparent.
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Figure 6.2.: Probe laser scan around the EIT resonance with ultralow probe laser in-
tensity. The EIT transmission peak is clearly visible. Background, due to
coupling laser photons that were scattered into the probe mode (around
90× 103 counts/s), is subtracted from the raw data (see text).
For this measurement the probe laser power was attenuated to ∼ 350 fW. The coupling
laser power was 2.2 mW, and the coupling laser was phase-locked using the offset fre-
quency locking electronics described in section 5.3. The detector counts were integrated
for 100 ms. Before the scan was performed the multipass-etalon filter was adjusted with-
out the EIT cell and the coupling beam for maximum probe laser transmission. As the
FWHM of the etalon is 165 MHz, the etalon transmission remains mostly constant if the
probe laser is scanned for ± < 20 MHz, as in this measurement. However, the noise level
is rather high and the quality of the measurement with a continuous wave probe light
therefore limited. Nevertheless, this experiment proves the outstanding performance of
the combined filters for coupling beam suppression and their applicability for EIT ex-
periments with ultralow probe intensity. From the coupling beam alone, i.e., without Cs
cell being present and without the probe laser, 15× 103 counts/s were recorded behind
the three filter stages by the APD which has 35% detection efficiency. This shows a
combined suppression of 114 dB by the three filters. From the known filtering perfor-
mance of the polarization filtering (55 dB) and the etalon (46 dB) the effect of the spatial
filtering can be calculated to be 13 dB.
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6.1.2. Noise
While the above values show that the combined filter almost reaches the aimed coupling
beam suppression of 12 orders of magnitude, another unexpected noise source becomes
apparent here. In figure 6.2 around 90× 103 counts/s had been subtracted because this
represents a noise floor that is present at all times as soon as the EIT cell is inserted
into the path of the probe beam and the coupling beam is switched on. This noise floor
was found to be produced inside the EIT cell from the coupling laser, but its wavelength
is exactly the wavelength of the probe transition. Therefore, spectral filtering is not
possible at all. Several measures were taken to reduce the noise. The whole experiment
was carefully aligned, but a slight deviation from perfect probe and coupling beam
overlap was introduced, also the coupling beam was not fully collimated. The probe
beam was routed for ∼ 2 meters free beam behind the cell before it was coupled into the
fiber. In addition, the cell temperature was reduced to 26 ◦C and the coupling power to
1.2 mW. All in all, these measures slightly reduce the quality of the EIT spectrum, but
at the same time reduce the noise counts to 20× 103 counts/s.
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Figure 6.3.: Scan of the multi-pass etalon filter around the probe transition wavelength
when only the coupling laser is applied. The black curve shows the normal-
ized signal detected by the APD. The simulation (red curve) is performed
using a Voigt profile with the multi-pass etalon linewidth as FWHM for the
Lorenzian part. The Gaussian part FWHM as fit parameter is found to be
47 MHz.
The noise signal itself was studied by scanning the multi-pass etalon filter around the
probe transition wavelength when only the coupling laser was applied. The measurement
was simulated by a Voigt profile with the etalon linewidth as FWHM for the Lorenzian
part [179] and the FWHM of the Gaussian part as fit parameter. As shown in figure 6.3,
the peak-width is largely defined by the width of the etalon filter, the Gaussian FWHM
is found to be only 47 MHz, suggesting a narrow-band noise source. Accordingly, the
most dominant noise source is anti-Stokes Raman scattering into the probe mode. The
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noise was found to increase both with cell temperature, i.e., atomic density, and coupling
field intensity. While a remaining noise floor of 20 × 103 counts/s seems high at first
sight if single-photon experiments should be performed, it is important to realize, that
a key filtering technique, namely temporal filtering, has so far not at all been used. In
several experimental configurations the time when a photon is to be expected is known.
E.g., if a storage experiment is performed, this will be shortly after the read process
is initiated. This knowledge allows to selectively gate the APD, which will effectively
reduce noise counts. Even for quite long gating windows of 100 ns and a single-photon
rate as high as 10 kHz, the noise would be reduced below the APD dark count rate if
such a temporal filtering is applied.
6.2. EIT with pulses on the single photon level
In order to perform EIT on the single photon level, adequate single probe photons
are required. To map quantum states of light on atomic ensembles, photons with a
spectral width on the order of Doppler-free atomic lines (a few MHz) are necessary. In
the planned single photon storage experiment the OPO described in chapter 3 will be
used as photon source. However, interfacing single photons with EIT would require not
only very narrow-band probe photons but also an extremely precise adjustment of the
central wavelength of the photons. One could adjust the coupling laser wavelength to
compensate for small probe photon detuning as long as the detuning is smaller than the
Doppler-width of the atomic transition. In this case, the EIT resonance would occur
with atoms of another velocity class within the broad velocity distribution of the atoms
at room temperature. However, in addition, such a compensation would be helpful only
if the probe photons are slightly detuned but stable in this property. A small oscillation
of the probe photon’s central wavelength, e.g., due to thermal fluctuations in the down-
conversion or compensating crystal, would require a permanent readjustment or scanning
of the coupling beam. This would cause a major increase of the experimental complexity
or would considerably lower the signal-to-noise ratio. While it is not clear if EIT with the
OPO photons is impossible, more suitable ideas for realizing the single photon storage
experiment will be demonstrated in chapter 8. Nevertheless, EIT with pulses on the
single photon level is an outstanding milestone on the way to single photon storage,
because it shows that the complex filtering can be handled. Therefore, for the work in
this thesis single photons were mimicked with highly attenuated laser pulses from a diode
laser. In this way, the pulse length and thus the spectral bandwidth can be controlled
conveniently by an electro-optic modulator (EOM), and the central wavelength is locked
using the spectroscopy setup. In addition, the single photon rate can be high and the
arrival time of each pulse is known. Even without temporal filtering this allows to
overcome the problem of noise from anti-Stokes scattered photons. Moreover, based on
the known arrival time at the EIT cell it is possible to measure the lower speed of light
inside the cell due to the EIT effect, which brings the EIT experiment much closer to
single photon storage compared to measuring the increased transparency through EIT
only.
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The employed experimental setup is sketched in figure 6.4. EIT was again performed
within the D1 transition of 133Cs in a Λ-shaped atomic system, as shown in figure 5.1,
the laser system is the same as described in 5.3. However, the probe laser was amplitude-
modulated by an EOM driven by an arbitrary waveform generator and is strongly atten-
uated by several ND filters. The electronics and EOM transfer-functions were measured
and the driving waveform shaped in such a way to produce perfectly Gauß-shaped probe
laser pulses at the input of the EIT cell. This allows an easy conversion of the tem-
poral pulse length into a spectral bandwidth of the pulse. The arbitrary waveform
generator was triggered externally, and the trigger pulse was also used as start signal
for a time-correlated single-photon counting system (Picoquant, PicoHarp 300). Filter-
ing and detection was again performed by the three stage filtering setup including the
multi-pass etalon and by an APD. The APD signal was used as stop signal for the time
measurement.
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Figure 6.4.: Experimental setup for EIT experiments with probe laser pulses containing
only a single photon on average. The setup consists of probe and coupling
laser, an electro-optical modulator (EOM), Wollaston prism (WP), polariza-
tion optics, i.e., half-wave plates (HWP), quarter-wave plates (QWP) and
polarizing beam splitters, as well as a Glan-Thompson prism (GT) and spec-
tral filtering through a multi-pass etalon. A photo diode (PD) and avalanche
photo diode (APD) are used for detection. The EIT cell is moveable per-
pendicularly to the laser propagation between two fixed positions in order to
allow a calibration of the time measurement without the cell being present.
For the measurements, attenuated probe pulses at a rate of 100-200 kHz with a mean
photon number n¯ = 1.0 ± 0.1 were used. The time-correlated detector counts were
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integrated for up to 30 minutes in order to increase the signal-to-noise ratio. The Cs cell
is moveable perpendicularly to the laser propagation between two fixed positions. This
allows to measure probe pulse delays with and without the cell in order to calibrate the
time measurement. Contrary to the measurement of off-resonance transmission through
the cell, as it is often performed in other experiments, this method does not require
any other change in the experimental configuration. In this way the laser lock and
Fabry-Pérot configuration is unaffected making the procedure more reliable.
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Figure 6.5.: Delayed single-photon probe pulse. The black (blue) line shows the pulse
without (with) EIT cell. For comparison of the pulse shape the curve for
the delayed pulse is multiplied by a factor of four and plotted as red curve.
Fitting a Gauß-curve to the temporal distribution shown here allows to mea-
sure delay times caused by the low group velocity due to EIT. In addition,
a modification of the pulse shape of the delayed pulses can be seen. See text
for details.
In a first experiment, the delay of a pulse at the single photon level caused by the low
group velocity inside the EIT cell was studied. The delay times were measured by fitting
a Gauß-curve to the temporal distribution of the probe photon detection events with
and without the EIT cell in the beam line. Figure 6.5 shows exemplarily a measurement
for a probe pulse length of ≈ 1.5 µs. A transmission of 25% for the probe pulse can be
derived. For comparison the curve for the delayed pulse is enlarged accordingly which
makes the pulse delay apparent. In addition, a slight reshaping of the pulse is visible.
To further investigate this effect, a systematic study of EIT delays for varying lengths
and thus spectral widths of the probe pulses was performed. The results are shown in
figure 6.6. For each measurement the EOM driving function and thus the pulse length
was modified, and the intensity of the probe pulses was subsequently adjusted in order
to maintain the Gaußian pulse shape and the average intensity of one photon per pulse.
The calculated curve in figure 6.6 is based on equation 5.8 from section 5.2.2 and the
experimentally accessible parameters, these are cell temperature, spontaneous emission
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rate of the Cs D1-line, and coupling laser power. Just like in section 5.4 the atomic
dephasing rate was introduced as the only fit parameter. An excellent agreement with
the measured data (dots in figure 6.5) is observed, in particular for the most relevant
pulses with a bandwidth of approximately the EIT transmission window width, which
is indicated by the vertical line.
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Figure 6.6.: Dependence of time delays caused by EIT on the spectral and temporal
FWHM of the probe pulse. The vertical line indicates the width of the
EIT transmission window. The dots are experimental results and the solid
line is a theoretical calculation based on equation 5.8 from section 5.2.2.
Besides experimentally accessible parameters the atomic dephasing rate was
introduced as the only fit parameter.
Due to the small width of the EIT transmission window, which is around 720 kHz, a
modification of the pulse shape of the delayed pulses, which can be attributed to group
velocity dispersion, can be expected for pulses with a spectral bandwidth similar or larger
than the width of the EIT transmission window. Since pulses of a spectral bandwidth
ranging from 100 kHz to 4.5 MHz have been studied in order to come close to the single
photons from the OPO, such pulse shape modifications can be expected. In fact, they
are present in figure 6.5. The red curve in figure 6.5 representing the enlarged delayed
pulse is modified compared to the undelayed pulse (black curve in figure 6.5).
6.2.1. Single photon amplitude modulation
The successful demonstration of EIT in the Cs cell at ultralow intensity together with
the first experiments on EIT based phase control from section 5.6 in principle also allows
coherent amplitude and phase control of light pulses on the single photon level [69]. Am-
plitude and phase shaping of single photons has gained considerable interest and, using
an EOM as modulator, both techniques were demonstrated recently [180, 181]. Due to
limited modulation and detection speed, the key components in these setups are photon
sources that produce single photons of very long temporal length and at the same time
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of a well defined time origin. In fact, these are exactly the properties of the single-
photon pairs produced by the cavity-enhanced down-conversion source from chapter 3.
Accordingly, several ideas exist to use the OPO source for such experiments, which will
be discussed in chapter 8. There are several potential applications for amplitude and
phase shaping of single photons. Amplitude modulation might be used to optimally
load a single photon into an optical cavity [15], or to study the transient response of
atoms to different single-photon waveforms. It might also improve the efficiency of stor-
age and retrieval of single photons in an atomic ensemble [152, 72, 182, 183]. In the
context of quantum information applications amplitude and phase modulation together
would allow full control over the single-photon waveforms. This would further allow
encoding of information into the relative phase difference between consecutive pulses
of a single-photon waveform that is constructed as a train of identical pulses [184], as
well as applications in the field of time-bin entanglement [185]. Phase control of single
photons would enable to create and even compensate any arbitrary phase shape, a tech-
nique that might be used for quantum computation protocols with linear optics [25, 186].
Also, shaping the phase of a reference photon would allow to fully determine the phase
properties of an unknown photon, a technique which could also be used for quantum key
distribution protocols [187] with the advantage of not requiring interferometric stability.
To demonstrate the idea of EIT based amplitude modulation of a pulse on the single pho-
ton level, the setup in figure 6.4 was extended by an AOM that modulates the coupling
laser’s amplitude. The AOM was controlled by a second arbitrary waveform generator
triggered simultaneously with the EOM controller. Due to the direct dependency of the
EIT transmission on the coupling laser power, an arbitrary waveform of the probe pulse
can be generated by modulating the coupling beam while the probe pulse traverses the
EIT cell.
1000 2000 3000 4000 5000
0
2000
4000
6000
 
 
C
ou
nt
s
t [ns]
 t [ns]
C
ou
nt
s
 
 
Figure 6.7.: Control of a probe laser wave packet containing only a single photon on
average through EIT by modulation of the coupling laser. The black curve
is the undisturbed pulse without EIT cell. The blue curve shows the probe
pulse, which is split coherently into two components thus forming a time-
bin encoded qubit state. For comparison the curve for the split pulse is
multiplied by a factor of 5.5 and plotted as red curve. The inset shows an
enlarged version of the dip in the middle of the probe pulse (see text).
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As an example, figure 6.7 shows a pulse at the single photon level which was split into
two pulses. The inset in figure 6.7 shows an enlarged version of the dip in the middle of
the probe pulse. It reveals that the modulation amplitude is almost 100% and that the
modulation speed is mainly limited by the speed of the AOM. The AOM caused the fully
linear part of the decrease and increase of the probe amplitude around the central dip,
the respective rise time corresponds well to the AOM specification. The waveform shown
in figure 6.4 represents a time-bin encoded state [188] because the phase between the
two components of the wave packet can be controlled by changing the off-time duration
of the coupling laser. Such a modulation might be used in a quantum key distribution
(QKD) protocol exploiting weak classical pulses and the decoy state protocol [23]. This
protocol has been quite successful in QKD in recent years because it is unconditionally
secure even with a classical photon source. It only requires a source emitting attenuated
light pulses of several different fixed intensities (e.g., average photon number per pulse µ
of 0.55, 0.1 and 7.5×10−4, respectively [189]) and the pulses must not contain on average
just µ ∼ t photons for unconditional security [22], where t is the transmittivity of the
quantum channel. Hence, for long channels the average number of photons per pulse
can be much higher, and the transmission rate will increase accordingly.
6.2.2. Discussion and short summary
The results above prove, that the very important threshold of EIT in Cs vapor at room
temperature with light pulses containing only one photon was reached for the first time.
This was made possible by the advanced spectral filtering using a multi-pass etalon, and
it now allows experiments in the quantum regime. As pointed out in section 5.2, Cs offers
certain advantages compared to Rb, among them a transition wavelength compatible
with solid-state single or entangled photons (e.g., based on InAs quantum dots) and
most importantly, a larger hyperfine splitting allowing storage of photons with a larger
bandwidth than Rb [76]. Based on these results, single photon storage experiments
should be possible soon. The route towards such experiments will be outlined in part III.
Several other groups work on the extension of EIT or related setups to the single photon
level, e.g., in the supplementary information of Reim et al. [76] it is explicitly stated
that moving towards quantum operation by using single photons is a major goal, but
that this was not possible yet. It can be expected that a filtering system like the one
described above would be beneficial for several other experiments too.
In addition, time-bin encoded states were generated and controlled with wavelengths
corresponding to the Cs D1-line. Experiments with ’true’ single photons generated by
the OPO described in chapter 3 can be envisioned. The modulation amplitude is almost
100% and its speed is mostly defined by the AOM. However, it would be interesting to
study whether the remaining non linearities shown in the inset in figure 6.7 are caused
by the atomic system itself, i.e., if a possible simulation of the EIT dynamics shows the
same effect. The EIT cell can be regarded here as a temporal beam splitter capable
of distributing a pulse at the single photon level over two distinct temporal modes. In
conjunction with the ’true’ narrow-band single photons a single photon entangled state
can be generated and subsequently transferred to other atomic ensembles. While such
90
6.2. EIT with pulses on the single photon level
an idea was discussed and demonstrated by Choi et al. [190] in a setup purely based on
atomic systems in a magneto-optical trap, it would be very interesting to study these
effects in a combined system based on a down-conversion source and an atomic system,
as this would represent a ’real’ quantum interface.
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7. Summary of the Experimental Status
Quo
Based on the outline of the research context given in chapter 1, the consecutive chapters
described the objectives that have been already reached and details about completed
building blocks of the single photon storage experiment. This final chapter provides a
brief overview of the present state of the experiment together with information about
next steps and the envisioned concepts for its further development.
During this thesis several important milestones of the single photon storage experiment
were reached.
1. The single-photon source that already existed in our research group was carefully
examined. This yielded new results and allowed insights into the statistics of her-
alded single photons produced by a down-conversion source. A triple-coincidence
analysis of two-photon states emitted from the SPDC source under cw excitation
was performed. Due to a tremendously enhanced coherence time of this source
compared to former studies, the detector’s time jitter was negligible and the first
direct detailed measurements of the triple-coincidence statistics became possible.
2. A spectral filter based on a multi-pass etalon was built and its performance studied.
With a measured peak transmission of 65% and a suppression of off-resonant light
by 46 dB the performance is satisfactory for several tasks in the overall single
photon storage experiment. Even though other multi-pass etalon implementations
reported in the literature have a far higher contrast, they have a much lower peak
transmission. In fact, an appropriate scaling of the transmission of these other
instruments to an acceptable value would result in a lower contrast than what
was reached during the work presented here. As in QIP every photon lost due
to low filter transmission may cause a loss in quantum information, hence a high
transmission is crucial. The performance of the multi-pass etalon was studied in
real applications, namely filtering of single photons from the SPDC source and
coupling beam filtering in an EIT experiment, and in a simulation as noise filter
for long range free-space QKD experiments.
3. A phase-locked laser system for EIT experiments was built and its performance
studied in terms of the achievable residual phase-noise variance. The system was
found to be comparable or better than the previously described realizations.
4. Based on the phase-locked laser system and using the multi-pass etalon filter EIT
experiments in Cs vapor at room temperature with a single-photon probe beam
were performed for the first time. This can be regarded as crossing an important
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threshold as it allows to extend EIT experiments in Cs to the quantum regime.
The results extend single-photon EIT to a particularly interesting wavelength. For
example, in conjunction with recently demonstrated broad-band optical quantum
memories in Cs vapor cells [76] manipulation or storage of single or entangled
photons from semiconductor sources at a wavelength capable to match Cs transi-
tions [191] becomes feasible.
Based on the results obtained, the overview of the aspired full experimental setup
for single photon storage from chapter 1 can be supplemented with information on the
status of the individual components, as shown in figure 7.1.
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Figure 7.1.: Overview of the experimental building blocks described in this thesis with
their respective status. White boxes show completed building blocks, yellow
(orange) denotes necessary minor improvements (major changes).
While several building blocks are almost completed, some problems arose during the
work on other parts of the experiment, requiring adjustments of the overall concept.
However, at the same time this allows some major extensions of the experimental goals.
The extended goals and resulting adjustments of the concept shall be discussed in the
following sections. In summary, the goal of using ultranarrow bandwidth photons is
slightly weakened due to new memory options. At the same time, the ability to produce
these photons opens up new possibilities for noise reduction and capacity scaling.
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The distribution of quantum states over long distances is currently limited by loss and
decoherence in the quantum channel. An optical fiber based channel is limited by losses
of 0.2 dB/km in the optimal wavelength, i.e., 95% transmission for a fiber of 1 km
length. Even with a photon production rate of 10 GHz, for a 500 km transmission one
would have a transmission rate of only 1 Hz, which drops to 10−10 Hz for 1000 km.
Although technologies like satellite based QKD (see section 4.3) might extend the ex-
change of quantum information to global scales, for quantum networks or more complex
QKD systems the necessity to connect individual transmission lines remains. In classi-
cal telecommunication this can be reached by a simple amplifier (often called repeater).
However, the no-cloning theorem [58, 59] shows that noiseless amplification is only pos-
sible for sets of orthogonal states, whereas the quantum nature and thus the advantage
of protocols like QKD arise from the existence of non-orthogonal states. The problem
can be overcome by using a so-called quantum repeater [26] based on entanglement be-
tween distant systems. The idea is to make use of a particular feature of entanglement,
namely that it can be swapped [61]. From two existing entangled states, one between
system A and system B and another between systems C and D, it is possible to create an
entangled state between systems A and D by performing a joint measurement of systems
B and C and classical communication of the result. In a quantum repeater one would
generate entanglement over a long distance L by entanglement swapping starting from
two entangled pairs, each of which covers only L2 . This could be extended by creating
those states from states covering only L4 and so on, as shown in figure 8.1.
If one finally has an entangled state over distance L, one can use this state to teleport
an arbitrary quantum state over this distance or perform entanglement-based QKD
directly [192].
8.1. Quantum memories
One essential requirement for such a quantum repeater protocol is that one has to be
able to store the created elementary entanglement until entanglement has been estab-
lished in the next link. Furthermore, the capability to store photons would also allow
to improve the quality of established entanglement via entanglement distillation. There-
fore, quantum repeaters require high quality quantum memories. A quantum memory
can be realized using different approaches based on atomic ensembles [193, 194, 145] and
solid-state systems [195]. In a quantum repeater setup the quantum memory should have
long coherence times, efficient interfacing with photons and the possibility to perform
entanglement swapping operations. Furthermore, the relevant criteria for evaluating
quantum memories are fidelity, efficiency, storage time, bandwidth, and the ability to
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Figure 8.1.: Principle of quantum repeaters. Step by step course towards long-distance
entanglement. a) Entanglement is first created independently within short
links, e.g., between locations A and B, C and D, W and X, Y and Z. b) En-
tanglement is subsequently swapped between neighboring links, i.e., A and
D,...,W and Z share entanglement. c) Entanglement swapping is performed
successively until entanglement is distributed over the entire distance, i.e., A
and Z share entanglement. QM stands for quantum memory, dashed arrows
indicate entanglement.
store multiple photons, i.e., multi-mode operation. The fidelity is related to the over-
lap between the quantum input and output state of the memory. It is important for
error-free communication. A high efficiency of the memory is clearly desirable but not
always mandatory, depending on the application. However, the combined fidelity times
efficiency must be higher than the classical limit [80]. The storage time is very important
for long-distance quantum communication as it limits the available communication time
between the nodes. The bandwidth limits the possible repetition rates. While for all of
these criteria a higher value is always better, some mutual compensation is possible and
the particular relevance depends on the particular application [196].
Today, several proposals exist for building quantum repeaters using single-photon
sources and quantum memories [62]. Probably the most prominent one is the DLCZ
protocol introduced by Duan, Lukin, Cirac, and Zoller in 2001 [17], which is based on
atomic ensembles as quantum memories and on linear optics. Based on the results of
this thesis, another protocol described by Simon et al. in reference [197] is of particular
interest, as it is also based on the building blocks of a photon-pair source and an ab-
sorptive memory. In this protocol entanglement creation between two remote locations
A and B is performed using a photon-pair source and one memory at each location,
denoted SA(B) and MA(B), as shown in figure 8.2.
The sources are simultaneously and coherently excited, and each of them has a small
98
8.1. Quantum memories
MBSBMA SA
A B
a b
a‘ b‘
Figure 8.2.: Quantum repeater using photon-pair source and absorptive memory. The
yellow (SPDC) source SA(B) on location A and B emits photon pairs. One
photon out of the pair is stored locally, the other is transmitted to a central
station. At the central location the two incoming photons are combined on
a beam splitter, such that the detection of a single photon in one of the
output ports heralds quantum entanglement between the memories MA(B)
in A and B.
probability p/2 to emit a photon pair, corresponding to the state[
1 +
√
1
2e
iφAa † a′ †+eiφBb † b′ †+O(p)
]
|0〉 . (8.1)
The modes a and a′ (b and b′) correspond to SA (SB), φA (φB) is the phase of the pump
laser at location A(B), |0〉 is the vacuum state. The O(p) term describes the possibility
of multiple-pair emission and, as it introduces errors into the protocol, leads to the
requirement that p has to be kept small. The modes a′ and b′ are stored locally, a and
b are combined on a beam splitter at a central station and are detected. The detection
of a single photon behind the beam splitter heralds the storage of a single photon in
memories A and B, which can be written as entangled state of the two memories,
|ΦAB〉 = 1√2(|1〉A |0〉B + e
iΘAB |0〉A |1〉B) , (8.2)
where |0〉A(B denotes the empty state of MA(B) and |1〉A(B denotes storing of a single
photon. It is ΘAB = ΘB −ΘA and ΘA(B) = φA(B) + χA(B), where χA(B) are the phases
acquired by the photons on their way to the central station.
In the context of this experiment it would be reasonable to realize the photon-pair
source by a modified cavity-enhanced down-conversion source, similar to the one de-
scribed in chapter 3 but with pulsed excitation. As photon memory an EIT based
system, similar to the one described in chapter 6, might be used. However, recent find-
ings [76] suggest some modifications of the setup, i.e., to establish a so-called Raman
memory.
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8.2. Raman memories
The idea behind Raman memories is to use off-resonant Raman interactions to access
long-lived material coherences optically and thereby store propagating photons as sta-
tionary excitations of a Raman coherence while avoiding fluorescent losses. The storage
bandwidth is generated dynamically by ancillary write/read pulses, which dress the
narrow atomic resonances to produce a broad virtual state to which the signal field cou-
ples [198, 199, 152, 200]. The signal is coherently absorbed into this virtual state and,
unlike in EIT, no reduction of the group velocity occurs.
Write/read
6 P
2
3/2
6 S
2
1/2
Signal field
F=3
F=4
F=2,3,4,5
2
3
1
Δ
Figure 8.3.: Λ-shaped level structure of the atoms in the Raman memory. The atoms are
prepared in the ground state |1〉 by optical pumping. The signal is tuned into
two-photon resonance with a so-called write field. Both fields are detuned ∆
from the excited state |2〉. Absorption of a signal photon transfers an atom
from |1〉 into the storage state |3〉 via Raman scattering stimulated by the
write field. Upon retrieval, the interaction is reversed. [76]
The main benefit of such a memory is its ability to store broadband pulses, which
makes interfacing with down-conversion sources much easier and at the same time al-
lows a higher photon ’clock rate’ due to shorter pulses. Because the Raman transition is
detuned far beyond the Doppler linewidth of cesium vapor, its insensitivity to inhomoge-
neous broadening and a lower noise floor can be expected. Although the physical effects
used for photon storage are different from an EIT based memory, the experimental setup
required is very similar. The first Raman memory was demonstrated in 2010 [76] using
a Cs vapor cell too, however, utilizing the D2 line at 852 nm. The atomic level structure
which was used in this experiment is shown in figure 8.3. Unlike in an EIT based setup
the optical fields are detuned away from the excited state resonance. The bandwidth
of the stored pulses was 1 GHz and is limited by the splitting of the ground state and
the storage state of the atomic medium. In case of Cs, this is the ground state hyper-
fine splitting of 9.2 GHz which allows a maximum storage bandwidth of approximately
4 GHz. Storage times of 5 µs have been observed already [201], and the limit is probably
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on the order of 100 µs or even much longer if the atoms are confined, e.g., as dopants in
a solid-state host [80, 202]. The total efficiency so far is 15 %, more than 90 % should
be reachable with phase-matched retrieval in the backward direction [203].
Operating such a broad-band Raman memory on the single photon level instead of the
EIT based memory would be very worth pursuing for several reasons: It would require
less effort on the side of the single-photon source as photons need not be as narrow-band
as for an EIT based storage system. Also, it might overcome the problems of Raman
noise which, as our measurements suggest, are still an obstacle even with improved noise
suppression. In addition, a memory allowing to store photons which are more than 2
orders of magnitude broader than the produced photons, paves the way for totally new
applications, as described in the following section.
8.3. Spread spectrum encoding of single photons
Very recent works [204] describe the use of so-called spread spectrum technology [205]
at the single photon level. This technology, which originates from the field of classical
communication, basically modulates a data signal onto a wideband carrier so that the
resulting transmitted signal has a bandwidth which is much larger than the data signal
bandwidth and which is relatively insensitive to the spectral width of the data signal.
This technique makes the resulting signal insensitive to noise and jamming. It can be
adapted to single photons using two synchronously driven electro-optic phase modula-
tors as transmitter and receiver. This allows a narrow-band photon to be modulated
and thus broadened and later demodulated for detection behind a narrow-band filter.
In a situation where the single-photon beam should be transmitted, e.g., through an
environment of other photons that have a linewidth that is comparable to that of the
original photon beam, the noise will be spectrally broadened by the second modulator.
Thus only a fraction of its power is transmitted through the narrow-band filter in front
of the receiver. As a result, the signal-to-noise ratio is increased approximately by the
ratio of the modulation bandwidth to the bandwidth of the final filter. The increased
signal-to-noise ratio is called a processing gain. Such a processing gain of a factor of 50
was already demonstrated in a single photon experiment [204]. Using such a modula-
tion of the single photons together with a broadband memory should further reduce the
problem of (anti-Stokes) noise photons as these noise photons are very narrow-band, as
shown in section 6.1.2. The spread spectrum technique requires that the bandwidth of
the modulated photons is much larger than the bandwidth of the unmodulated photons,
i.e., the photon source must have a much narrower bandwidth than the storage system,
a prerequisite perfectly fulfilled by the OPO photons and a Raman memory.
This concept might be even extended further and may eventually lead to multiplexing
of single photons inside the memory, i.e., multi-mode quantum memories.
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8.4. Multi-mode quantum memories
In a nested quantum repeater protocol [26] of which the DLCZ protocol [17] is the best
known one, the entanglement connection operations creating entanglement between non-
neighboring nodes can only be performed once entanglement between the neighboring
nodes A and B is established. This is typically conditioned on a measurement, e.g., the
detection of one or more photons at a station between these two nodes [197]. Hence, the
measurement has to be transmitted to A and B first, which requires a communication
time of the order of D0/cfiber, where D0 is the distance between A and B and cfiber = 2×
108 m/s. This limits conventional repeater protocols to a single entanglement generation
attempt per elementary link per time interval D0/cfiber. For a total link distance of
Dtot = 1000 km even with an optimistically assumed memory and detection efficiency
of ηm = ηd = 0.9 the resulting entanglement distribution time Ttot = 4100 seconds is
very long [62]. In particular, the memory storage time has to be comparable to Ttot.
This seems out of reach with current technology as the longest storage time achieved in
solid state systems, which are particularly suited for long storage times, is of the order
of 1 second, though not yet at the quantum level [206]. Decoherence times as long as
30 seconds have been demonstrated [207] in solid state systems as well, but there is
currently no system within reach that promises longer storage times of more than two
orders of magnitude.
A solution for these fundamental problems might arise from multi-mode quantum
memories. The basic idea is to build a quantum repeater as introduced in the beginning
of this chapter, that does not require to wait for the communication time D0/cfiber
until the next pulse is sent. Instead, a train of N pulses is sent and at the same time
stored in a multi-mode quantum memory. This leads to an increase of the entanglement
generation probability P0 by a factor of N (for NP0  1), which directly translates into
an increase of the entanglement distribution rate by the same factor. Using a memory
with e.g. N = 100 modes together with the protocol from reference [197] would result
in Ttot = 51 seconds or even Ttot = 12 seconds in case of ηm = ηd = 0.95. Thus, the
demonstration of a multi-mode quantum memory would be a very interesting experiment.
Theoretical considerations showed that atomic ensembles are in principle well qualified
for multi-mode memories [208], and a realization based for example on spread spectrum
encoding of single photons should be studied further.
8.5. Planned experimental setup
A first experimental setup that incorporates the ideas of Raman memory and spread
spectrum encoding into the single photon storage experiment is suggested in figure 8.4.
The Raman memory is from an experimental point of view similar to the EIT based
memory. However, a much higher coupling beam intensity (from now on called write/read
laser) is required, therefore, additional tapered amplifiers will be needed. The exact
write/read laser frequency could be flexibly adjusted using the available frequency offset
lock. In order to allow amplitude modulation of the write/read laser to generate the
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Figure 8.4.: Planned experimental setup. The photon storage will be modified to employ
a Raman memory. This requires additional tapered amplifiers (TA) and
an EOM for amplification and amplitude modulation of the coupling laser.
Moreover, the setup shall be extended by spread spectrum encoding and
decoding (SSE, SSD) of the single photons.
required write and read pulse with the necessary fast timing, a (preferably fiber-based)
EOM is needed. It could be controlled by a fast arbitrary waveform generated and trig-
gered for instance on the detection of an idler photon with an adequate delay line, i.e.,
a long fiber, for the signal photon (not shown) installed in front of the cesium cell.
By use of two phase modulating EOMs in front of and behind the EIT cell, spread
spectrum encoding/decoding of the stored signal photon could be implemented. Both
EOMs need to be controlled by fast synchronized bit sequence generators in order to
use one pseudo random bit sequence for encoding and its inverse for decoding. The bit
sequence generators have to be fast enough to match the width of the Raman memory,
i.e., around 1 Gb/s is required for a width of the Raman memory of 1 GHz. The
encoding signal could possibly be triggered on the detection of an idler photon as well.
The decoding needs to be synchronized with the read laser pulse.
8.6. Physics of very long single-photon wave packets
Besides the new concepts for the single photon storage experiment, other research fields
open up based on the already developed and the envisioned experimental building blocks.
One can regard the ultranarrow-band single photons produced by the OPO as one of the
largest quantum objects created so far, and at the same time they are relatively simple
and reliable to produce. A spectral width of ∼ 4.6 MHz corresponds to a temporal
dimension of ∼ 220 ns for the wave packet and therefore to a spatial length of 66 meters.
Although other sources are capable of producing even slightly narrower photons [30, 48,
49] of around 1 MHz spectral bandwidth, they require single-atom/-ion traps or a MOT,
making them complex and not very reliable.
The long extension of the photon wave packet, hence of the coherence time, allows to
perform new experiments with single photons that require electronic systems to operate
on time scales far below the coherence time. For example, detecting one of the two
generated photons allows to establish the time origin for electronic modulation of the
second photon. The wave packet is very long compared to the temporal resolution of a
single-photon detector, which can be as low as 40 ps. Once the time origin is established,
the wave packet of the second photon may be modulated in the same manner as a classical
pulse of light can be modulated. The wave packet may be phase, frequency, amplitude,
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or digitally modulated and the maximum modulation frequency is limited only by the
resolution of the detection of the first photon [180].
Another application would be to study interference effects between the two generated
photons. Unlike with classical optical fields, single-photon interference on a beam splitter
can result in a reduction of coincidence detection behind the beam splitter well below
50%, which is the classical limit. Using very long single-photon wave packets this well-
known Hong-Ou-Mandel effect [209] could be studied in more detail. Such studies are
otherwise often prevented by the limited time resolution of the detectors compared to
the coherence time of the photons [210].
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Appendix A: Cesium D1-Line
894.592959 86(10) nm
335.116 048 807(41) THz
11 178.268 160 7(14) cm
1.385 928 495(34) eV
-1
6 S2 1/2
62P1/2
510.860(13) MHz
656.820(17) MHz
1167.680(30) MHz
9.192 631 770 GHz (exact)
4.021 776 399 375 GHz (exact)
5.170 855 370 625 GHz (exact)
F’ = 4
F = 3
F = 4
gF = 1/12
(0.12 MHz/G)
gF = - 1/12
(- 0.12 MHz/G)
gF = 1/4
(0.35 MHz/G)
gF = - 1/4
(- 0.35 MHz/G)
F‘ = 3
Figure A.1.: Frequency splittings between the hyperfine energy levels on the cesium D1-
line. The ground-state values are exact as a result of the current definition
of the second. The gF denote the approximate Landé factors for each level
together with level shifts due to a magnetic field [157].
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Abbreviations
AOM Acusto-Optical Modulator
APD Avalanche Photo Diode
BP Band-Pass
BS Beam Splitter
BW Bandwidth
cw continuous-wave
DL Diode Laser
DLCZ protocol Duan, Lukin, Cirac, and Zoller protocol
DM Dichroic Mirror
DWDM Dense Wavelength Division Multiplex
EIT Electromagnetically Induced Transparency
EOM Electro-Optic Modulator
HBT Hanbury Brown and Twiss
FC Fiber Coupler
FFT Fast Fourier Transform
FMS Frequency Modulation Spectroscopy
FP Fabry-Pérot
FSR Free Spectral Range
FWHM Full Width at Half Maximum
GT Glan-Thompson Prism
HWP Half-Wave Plate
IF Interference Filter
KNbO3 Potassium Niobate
KTP Potassium Titanyl Phosphate
LOQC Linear Optics Quantum Computation
LO Local Oscillator
LP Long-Pass
MOT Magneto-Optical Trap
NA Numerical Aperture
NV Nitrogen-Vacancy
OPLL Optical Phase-Locked Loop
OPO Optical Parametric Oscillator
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Abbreviations
PBS Polarizing Beam Splitter
PD Photo Diode
PFD Phase Frequency Detector
PH Pinhole
Pol Polarizer
PPKTP Periodically Poled Potassium Titanyl Phosphate
PLL Phase-Locked Loop
PS Power Source
PZT Piezo-electric Tube
QD Quantum Dot
QIP Quantum Information Processing
QWP Quarter-Wave Plate
RF Radio Frequency
SEM Scanning Electron Microscope
SHG Second Harmonic Generation
SPDC Spontaneous Parametric Down-Conversion
SPS Single-Photon Source
SSPD Superconducting Single-Photon Detector
TEM Transverse Electro-Magnetic
WDM Wavelength Division Multiplex
WP Wollaston Prism
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